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FOREWORD
(New Edition- 2017)

It is heartening to find that Bureau's Higher Secondary Physics (Class-XI & XII)
are exhausted and very much appreciated by the students and teachers alike. This
warm and positive response had led the Bureau to plan for a revised edition.

In the present edition, the books have been revised keeping in view the changes
made in the CHSE Syllabus for Higher Secondary Students. This revision work was
done by a team of experts consisting of Dr. Nikhilananda Panigrahi and Dr. Kedarnath
Biswal. The untiring efforts made by these teachers-cum-writers of this book deserves
our heartfelt thanks. I am very positive that this book will receive appreciatioh of the
students as well as teachers. I am thankful to Dr. Kedearnath Biswal for taking pain of
doing the arduous task of proof reading of both the books before final printing.

Improvement has no llimit especially when one aims at excellence. Thus Bureau
welcomes constructive suggestions from the s_tudénts as well as teachers to make the
book more purposeful.

Sri Umakanta Tripathy

DIRECTOR
Odisha State Bureau of Textbook Preparation and Production
. Pustak Bhavan, Bhubaneswar



PREFACE

The "Bureau's Higher Secondary Physics" is intended to provide a proper
motivation to the students and teachers at large in the study of physics. The basic
concepts have been developed in a logical manner and utmost care has been
taken to impart various nuances of physics with clarity of physical assumptions,
mathematical formulation and approximations. Wherever necessary, better and
appropriate alternative approaches have been adopted to overcome the conceptual
inadequacies. S.I. units have been consistently used and whenever necessary
C.G.S. and other useful practical units have been mentioned. Representative
diagrams have been given to facilitate easy understanding. At the end of each
section numerical examples have been worked out and at the end of each chapter
model questions (multiple choice, very short answer, short answer, conceptual,
unsolved numericals and long answer type) have been given to foster and boost
the understanding and ability of readers for applying various concepts developed.

The authors are very much thankful to their colleagues and students
for their valuable discussions, suggestions and advice. The authors can
adequately express their gratitude to the Director Sri Umakanta Tripathy, Dy.
Director Mr Biraja Bhusan Mohanty and all other personnels of “Odisha
Textbook Bureau" for their constant support and encouragement. The authors
are also‘thankful to Prof. (Dr.) N. Barik whose timely review and advice has
streamlined the process of writing.

. In spite of our sincere efforts typographical, conceptual, and factual errors
might have crept in inadvertently. It is our sincere and humble request to all the
readers to use the book with a receptive mind and point out our mistakes. Any
suggestion for the improvement of the text book shall be highly appreciated with

regards.

Authors



Syllabus [2016-2017]
Council of Higher Secondary Education, Odisha
PHYSICS THEORY

CLASS - XII

(Course to be covered in class XII , Higher Secondary Science of(2016-2017))
FULL MARK - 70 (160 Periods)

Unit-1  Electrostatics - (22 Periods)

L. Electric charges and fields: Electric charge and its quantization, conservation of charge,
Coulomb’s law, force between two point charges, force between multiple charges, super
position principle, Continuous charge distribution. (See chapter— 1)

Electric field due to a point charge, electric field lines, electric field due to a dipole at
any point, torque on a dipole in uniform electric field.

Electric flux, Gauss’s theorem (statement only) and its applications to find field due to
uniformly charged infinite plane sheet, infinitely long straight wire and uniformly charged
thin spherical shell (field inside and outside). (See chapter —2)

2 Electrostatic potential and capacitance: Electric potential, potential difference, electric
potential due to a point charge, potential due to a dipole, potential due to a system of
charges. Equipotential surfaces, electrical potential energy of a system of two point
charges and of electric dipole in an electrostatic field. (See chapter —2 & 3)

Conductors, insulators, free charges and bound charges inside a conductor, Dielectrics
and electric polarisation.(See chapter - 2)

Capacitors and capacilance; c'a'pacilance of a parallel plate capacitor with and without
dielectric medium between the plates, combination of capacitors in series and in parallel,
energy stored in a capacitor. (See chapter - 3)

Unit-il Current Electricity: : (20 Periods)

Electric current, drift velocity, mobility and their relation with electric current, Ohm’s
law. electrical resistance, conductance, résistivity,conductivity, effect of temperature on
resistance, V~I characteristics (linear and non-linear) electrical energy and power, carbon
resistors, colour code of carbon resistors, combinations of resistors in series and parallel.
(Sce chapter - 5) ' ! -

EMF and potential difference, internal resistance of a cell, combination of cells in series
and parallel, Kirchhoff’s laws and simple applications: Wheatstone bridge und meter
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Vi

bridge. Potentiometer- Principle and its applications to measure potential difference and
for comparing EMF of two cells; measurement of internal resistance of a cell.
(See chapter - 6)

Unit-IIT Magnetic effect of Current and magnetism: (23 Periods)

1. Moving charges and magnetism: Concept of magnetic field, Oesrted’sexperi ment,Biot-
Savart law and its application to find magnetic field on the axis and at the centre of a
current carrying circular loop, Ampere's law and its application to infinitely long
straight wire. Straight and toroidal solenoid (qualitative treatment only); Force on a
moving charge inuniform magnetic and electric fields,(See chapter — 8)
Cyclotron.(See chapter - 17)

Force on a current carrying conductor in a uniform magnetic field, force between two
parallel current carrying conductors- definition of ampere, torque experienced by a current
loop in uniform magnetic field, moving coil galvanometer- its current sensitivity and
conversion to ammeter and voltmeter.(See chapter - 8)

2. ' Magnetism and matter: Current loop as a magnetic dipole and its magretic dipole moment,
magnetic dipole moment of a revolving electron, magnetic field intensity due to a magnetic
dipole (bar magnet) along its axis and perpendicular to its axis, torque on a magnetic
dipole (bar magnet) in a uniform magnetic field, bar magnet as an equivalent solenoid,
magnetic field lines, earth’s magnetic field and magnetic clements.(See chapter - 8)

Para-, dia- and ferro- magnetic substances With examples, Electromagnets and factors
affecting their strengths, permanent magnets.(See chapter —4)

Unit-1V Electromagnetic induction and Alternating current: (20 Periods)

, 8 Electromagnetic induction: Faraday’s laws of electromagnetic induction, inducedEMF
and current, Lenz's law, Eddy currents, self and mutual induction. (See chapter - 9)

2 Alternating current: Alternating currents, peak and RMS value of alternating current/
“voltage, reactance and impedance, LC oscillations (qualitative idea only), LCR series
circuit, resonance, power in AC circuits, wattles current, A.C. generator and transformer.
(See chapter — 10)
Unit- V Electromagnetic waves: (04 Periods)

Basic idea of displacement current, qualitative idea about characteristics of
electromagnetic waves, their transyerse nature. Electromagnetic spectrum (radio waves,
microwaves, infrared, visible, X-ray and gamina rays), including elementary ideas about
their uses.(See chapter - 14)
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vii
Unit-V1 Optics (25 Periods)

1. Ray bptics and optical instruments: Reflection of light, spherical mirrors, mirror
formula,lateral and longitudinal magnification,(See chapter — 11) refraction of light,
refractive index, its relation with velocity of light (formula only) total internal reflection
and its applications, optical fibre, Refraction at spherical surfaces, thin lens formula,
lens makers formula, magnification, power of lenses, combination of two this lenses in
contact, combination of a lens and a mirror, refraction and dispersion of light through
prism; Scattering of light: blue colour of sky and reddish appearance of sun at sunset
and sunrise. (See chapter - 12)

Optical instruments: microscopes and telescopes (reflecting and refracting) and their
magnifying powers. (See chapter - 13)

2. Wave Optics: Wave front, Huygen’s.principle, reflection and refraction of plane wave
at a plane surface using wave fronts, proof of laws of reflection and refraction using
Hygen's principle. Interference, Young's double slit experiment and expression for fringe
width, coherent sources, sustained interference of light, diffraction due to a single slit,
width of a central maximum, resolving power of microscope and astronomical telescope
(qualitative idea) polarisation, plane polarised light, Brewster's law, uses of plane polarised
light and polaroids. (See chapter — 14)

Unit-VIT Dual nature of Radiation and matter: : (08 Periods)

Dual nature of radiation, Photoelectric effect, Hertz and Lenard’s observations, Einstein’s
photoelectric equation, particle nature of light.

Matter waves- wave nature of particles, de-Broglie relation, Davisson- Germer
experiment, (only conclusions should be explained). (See chapter - 16)

Unit- VI Atoms and Nuclei ' (14 Periods)

1. Atoms: Alpha- particle scattering experiment, Rutherford’s model of atom, its limitations,
Bohr model, energy levels, hydrogen spectrum. (See chapter —16)

2 Nuclei: Atomic nucleus, its composition, size, nuclear mass, nature of nuclear force,
mass defect, binding energy per nucleon and its variation with mass number, nuclear
fission, fusion, Radioactivity, alpha, beta and gamma particles/ rays and their properties,

~ radioactive decay law, half life and decay constart.(See chapter — 17)
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Unit-1X Semiconductor electronics: - (10 Periods)

Unit-X

Energy bonds in conductors, semiconductors and insulators (qualitative idea only), p-
type, n-type semiconductors, semiconductor diode, V-I characteristics in forward and
reverse bias, diode as a half and full wave rectifier (centre tap), efficiency (no derivation).
(See chapter - 19)

Special purpose p-n junction diodes: LED, photodiode, solar cell and Zener diode and
their characteristics, Zener diode as a voltage regulator. (See chapter — 19)

Junction transistor, transistor action, Characteristics of a transistor, transistor as an amplifier
(CE configuration), (See chapter — 20)basic idea of analog and digital signals, Logic
gates (OR, AND, NOT, NAND, and NOR) (See chapter - 22)

Communication System: (10 Periods)

Elements of a communication system (block diagram only), bandwidth of signals
(speech, TV and digital data), bandwidth of transmission medium, propagation of
electromagnetic waves in the atmosphere, sky and space wave propagation, satellite
communication, Need for- modulation, qualitative idea about amplitude modulation
and frequency modulation, advantages of frequency modulation over amplitude
modulation, basic idea about internet, mobile telephony and glebal positioning
system (GPS). (See chapter - 21) 1
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Electrostatics

1.0 Introduction :

Physics is a rapidly advancing branch
of science. Physicists are making consistent
efforts to unravel the various forces that control
‘the universe and unify them; and to explain
how these forces manifest spontaneously in
different forms at different energy levels.
During this quest several predictions are made.
One such prediction, the existence of "higg's
bosons", predicted by Peter Higgs, has been
very recently confirmed by the ATLAS and
CMS experiments in Large hadron Collier at
CERN by our eminent experimentalists. Thus
when Physics is leaping to such heights so
rapidly, our curriculum for students in Physics
needs to be prepared to catch up with the
advancement of Physics within a time frame.
Keeping this in view, our academicians very
carefully and thoughtfully prepare syllabus
making a conscious compromise between the
levew! of studies and the level of knowledge
the students need to arrive at. In this regard
the authors of text books and teachers teaching
in the class room need to bear a greater
responsibility. the authors should try to present
materials so that it is comprehensive and up to
the-desired standard. The teachers should
impart these materials to the students so that
they grasp the materials properly and rightfully.
Keeping in view these aspects this book has
been revised with due care and sincerity.

1.1 Electrostatics:

The branch of physics which deals with
the properties of electricity at rest i.e. stationary
charge is called electrostatics or statical
electricity. '

Stationary charge can be produced in
insulating substances like amber, ebonite, glass
etc. rubbing with fur, silk cloth etc.

The important properties that are dealt with
electrostatics are electric charge, electric field,
electric potential, dielectric polarization,
capacitance etc. While electrostatic studies
usually concentrate on electricity at rest, it
should be noted that some of the electrostatic
properties of electric charges also exist when
the charges are in motion.

Electric charges can be stored in devices
called cells and capacitors. In a capacitor electric
charges can be removed and replaced within a
millionth of a second giving rise to a large
number of applications in the radio, television,
radar and communication industries etc.

1.2 Electric Charge :

The force of attraction between any two
material bodies is gravitational in nature.
Between an electron and a proton, besides

- gravitational force of attraction, there exists a

much more stronger force of attraction, known
as electric force. The electric force can be
attractive or repulsive.



Material particles, like electrons, protons
etc. which have an additional property, (apart
from their masses) responsible for electrical
forces are called charged particles. The charges
cause electric field i.e. the source of electric field
in known as electric charge. A material body
can accept electrons or lose electrons. A material
body having an excess of electrons or a deficit
in the number of electrons compared to the
neutral body is called a charged body. Itis not
possible to describe the charge in terms of
simpler concepts like shape, colour, fluidity etc.
It is best understood not by saying what it is,
but what it does,

1.3 Characteristics of electric charge :
i)  Two kinds of electric charge

The electric force between two electrons
adistance apart is found to be repulsive and same
as that due to two protons placed at the same
distance of separation. However, if a proton and
an electron are placed at the same distance of
separation as above, the electric force between
them is found to be same in magnitude but
attractive. It suggests that the nature of charge
in electron and proton is different but same in
magnitude.

William Gilbert first gave the idea of
electric charge. He derived the word electron
from Greek meaning amber which has a strong
charge acquiring property when rubbed with
other substances like fur etc. Du Fay showed
that there are two kinds of charge. Bejamin
Franklin arbitrarily chose the charge of an
electron as negative and that of a proton as
positive. These assigned signs to charges greatly
helped in the concise mathematical formulations
of experimental facts such as like charges repel
and unlike charges attract.

ii)  Quantum nature of charge

Millikan's experiments showed that, in
nature, electric charge exists in descrete packets
rather than in continuous fashion. One packet
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of charge is the basic charge and ts equal to that
of an electron having magnitude

e=160218x 107" Coulomb. Fractional basic
charge does not exist in nature. All the existing
charges are integral multiples of this basic
charge. Thus any physically existing charge Q
can be expressed as nei.e. Q =ne wherenisa
positive or a negative integer. Charge is thus
quantized. One quantum of charge, in
magnitude, is that of an electron or proton. An
a— particle has two quanta of positive charge.

Example 1.3.1 In Millikan's oil drop
experiment, the charges on four different drops

were found to be [xl.ﬁxlo_m Coul,
2x16x10~12 Coul. 5x16%10712 Coul’

and 7x16 %1012 Coul. What do you infer
from these results ?

Solution :
The given charges on the four drops are
q; = 1x1.6x 107" Coul
q; =2x L6x 107" Coul
gy =5x16x107'*Coul
. gy =T%L6x 107" Coul

The H.C.F. of the above charges is
1.6 x 10~"°Coul.. This is the minimum possible
charge. Therefore, basic charge is
1.6 x 107" Coul.. All other charges are integral
multiples of the basic charge. From the results
we infer that (i) charge is quantized and (ii) one

‘quantums of charge is 1.6 x 107" Coul.

iti) Conservation of charge

Net charge can neither be created nor
destroyed. Net charge of this universe always
remains constant. If a positive charge is
produccd, an equal amount of negative charge
is also formed simultaneously so that netcharge
created in a process is zero. Consider, for
example, the process of charging an amber rod
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by rubbing with fur. Before rubbing they have
no net charge. After rubbing, amber gets
negatively charged while fur gets positively
charged. These charges are produced due to
transfer of electrons from fur to amber. Hence
magnitude of charge in amber and fur is same
but opposite in nature. Net combined charge in
them is zero before and after rubbing. Let us
consider another example : when a neutron
decays, it does so into a proton, an electron and
a neutral particle called antineutrino. Hence the
net charge before and after the decay of a
neutron is zero.

It is clear that there is a law conserving
electric charge and no exceptions have beeen
discovered so far. The law of conservation of
charge states that the algebraic sum of the electric
charges in any closed system remains constant.

iv) Scalar nature of charge :

Charges are added algebraically. If a
body is given a positive charge Q, and a
negative charge Q,, the total charge acquired
by the body is Q =Q; - Q5.

" v)  Invariance of Charge :

Einstein established that space, time and
matter are relative. It means, their values vary
and depend on the state of motion of the observer
relative to them. But charge is relativistically
invariant i.e. the value of a charge does not
depend on relative motion between the charge
and the observer.

Qrest = Qmotion
1.4 Unit of Charge :

S.I. unit of charge is Coulomb,
abbreviated as C. The charge on proton is
e = 160218 x 10712 C and it is approximately
written as 1.6x107'?C. The charge on
electron is - e.

Coulomb :

The Coulomb is defined as the amount of
charge that flows through the cross-section of
« conductor in one second if there is a steady
current of one ampere in it.

Example 1.4.1 What is the charge of a body,

if it has a deficit of 2.5 x 10" electrons over its
neutral state.
Solution :

Charge of deficit of one electron in a body
= 16x107P¢

Charge deficit of 2.5 x 10" electrons

=+ 16x10~19C x 25x 10"
=4.0 pC
1.5 Electrification :

The process of charging an uncharged
body is called electrification. It can be achieved
by the following thrée processes :

i) By friction

i) By conduction and

iii) By induction.

i)  Electrification by friction or frictional
electricity :

As early as 600 B.C., Greeks knew that
amber can be electrically charged by rubbing
with fur, It is our common experience that a -
comb rubbed against dry hair becomes charged
and .can attract small pieces of paper. An

automobile becomes charged when it travels
through air.

The charge i.e. electricity produced in a
body by rubbing with another body is called
frictional electricity.

The explanation of production of frictional
electricity is very simple. All material bodies in
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their normal state are electrically neutral,
containing equal number of protons and

electrons. When one body is rubbed with’

another, some of the atomic electrons of one
body go to the other. Thus, while the one loses
electrons becomes positiygly charged, the other
having an excess of them becomes negatively
charged. As an example, let us consider a glass
rod rubbed with a silk cloth. Some electrons
* from the glass rod are transferred to the silk
cloth, The glass rod, having a deficit in the
number of electrons, is positively charged while
the silk cloth, having excess of electrons, is
negatively charged.

Some of the substances have been
arranged in a list (Table 1.1) such that when
any two of those are rubbed together, the one
occuring in the list earlier will be positively
charged and the one occuring later will be
negatively charged.

Table 1.1
1. Fur 2. Flannel 3. Glass
4, Mica 5. Catskin 6. Silk
Cotton 8. wood 9. Human body
10. Amber 11. Resin 12, Sulphur

13. Ebonite 14. Celluloid
i)  Electification by Induction :

Consider a positively charged glass rod
G brought near an insulated uncharged
conductor as shown in the fig. (1.1).

Some of the free electrons of the conductor are
attracted by the positive charge of the glass rod

Fig. 1.1
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thereby accumulating negative charge at the end
X, nearer the glass rod, leaving a deficiency of
electrons and producing a positive charge at the
farend Y, of the conductor.

The process of accumulation of positive
and negative charges at the two ends of an
uncharged conductor when a charged body is
brought nearitis called electro-static induction.

This way of producing charges in a
conductor is temporary because, if the glass rod
is taken away from the conductor, the positive
and negative charges accumulated at the two
ends of the conductor redistribute themselves
throughout the conductor and disappear.

However, a conductor can be charged
positively or negatively by induction as follows :

Consider two uncharged metal spheres,
supported on two insulating stands, touching
each other as shown in the fig. 1.2(a).

Fig. 1.2

When a positively charged glass rod is brought
near one of the spheres but without touching it
(Fig. 1.2.b), the free electrons of the metal
sphere are attracted towards the positive charge
of the rod, thereby accumulating negative
charge onsthe left surface of the left sphere. This
leaves a deficiency of electrons on the right
surface of the right sphere, producing a positive
charge there. Now, in the presence of charged
rod, the charged spheres are separated from each
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other (Fig. 1.2¢). When the charged rod is taken
away and the two spheres are well separated,
the left sphere acquires negative charge while
right sphere acquires positive charge (Fig. 1.2.d)

iii)  Electrification by conduction :

When a charged conductor is kept in
contact with an uncharged conductor, it acquires
some charge from the former. Both of the
conductors will have same type of charge but
amount of charge on each conductor depends
‘on their sizes and shapes.

The process of acquaring a similar charge
by an uncharged conductor from a charged
conductor, when they are in contact with each
other, is called electrification by conduction.
1.6 Point Charge :

From a physical point of view, any
charged body, having dimensions very small in
comparision with its distance from a point where
its effects are studied, is considered as a point
charge. Thus even a charged body of
dimensions as large as the earth can be
considered as a point charge if its electrical
effects at a point as far as the sun are considered.

1.7  Force between charged bodies :

Consider two charged 'bodies. The
electrical interaction between them resultsin a
mutual force i.e., each charge exert a force on
the other. It is one of the fundamental forces
between two charges similar to gravitational
force between masses of the two bodies. One
cannot think of a charge without mass. The
force between two charged bodies is two-fold.
One is gravitational force of attraction and the
other is electrostatic force. The latter is much
stronger than the former. The ratio of their strength
is of the order of 10™ for a pair of electrons,

In 1784, French physicist, Charles

Augustin de Coulomb, basing on experiments,

was the first to estimate quantitatively, the force
between two charged bodies. The electrical
force between Lwo charged bodies is often
referred as Coulomb force.

5

1.8 Coulomb's law and the force between
two point charges :

Coulomb's law states that the force of
attraction or repulsion between two point
charges at rest is directly proportional to the
product of the two charges and inversely
proportional to the square of the distance
between them. :

Let F be the coulomb force between two
point charges Q, and Q, separated by a
distance r. Then

FaQ Q;

o

r2
F ok Q0
r
where K is a constant of proportionality. This
constant K is a dimensional quantity and its
value depends on the system of units and
property of the medium. In empty space

F =K, 2%
.

..1L.8.1(a)

~1.8.1

‘Equation (1.8.1) gives us only the magnitude

of the force of interaction between the two point
charges

Pomebemgavectorquannty the direction
of force on each charge is determined taking
the following into account.

1) the direction of the force on each
charge is always along the line
joining the two charges.
the force on each charge is
repulsive
if the two charges are similar and
attractive

and i)

if the two charges are dissimilar.
Coulomb's law in vectorform is

Pk, 22 ¢ 182

r
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where T is the position vector of charge which
experiences the force with respect to the charge
which exerts the force (fig.1.3).  is the unit
vector of T.

F

-t

>

Q Q,
~ Fig.1.3

An alternative form, which incorporates
attractive and repulsive nature of charge is

«.1.8.3(a)

Where 1, is the vector directed from Q, to Q,,

F,, is the force exerted by charge Q, on Q,
(see fig 1.3 (a))
Q By 0

\

Fig.1.3(a)
1.9 Coulomb's law and units of charge :
Eqn. (1.8.1) expressing coulomb's law is
the basis for defining unit of charge in different
systems of units.

i)  C.G.S electrostatic system (e.s.u) of unit
of charge
In cgs (esu) K, is set equal to unity.
Recollecting egn. (1.8.1)

Q,Q;

el

F =K,

and puttingr=1cm, K, =1
F=1dyne, Q=Q=Q (say)

We have 'Q%? =| or Q==1 statcoul.
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Statcoulomb is the cgs-esu of charge which repels
an identical charge in vacuum at a distance of
one centimeter with a force of one dyne.

Charge of a proton is 4.8 x 10710 stat-
coulomb.

In cgs-esu, mathematically, Coulomb's
law can be expressed in a simple form in free
space as

Q
F =2 191
;

i)  S.L system of unit of charge

In S.I. system, since F, Q and r - all are
independently predefined quantities, the

constant. K, has to be determined
experimentally so as to fit into the Coulomb's
law. The measured value of K, is found to be

898 755x 10’ Nm2C2(~9x10°Nm2C2).

Let us now define unit of charge-
Coulomb from Coulomb's law

F =K, ——ngz
r

IfQ=Q,=1C,r=1m

then F= K, =9x10°N

Thus one Coulomb of charge is defined
as that amount of charge which when placed in
vaccum at a distance of one meter from an
identical charge repels it with a force of 9 x10°
Newton.

In electrostatics it is found that most of
the results derived using Coulomb's law contain

'a factor 47 . To avoid the factor 45, a new

constant €, isintroduced by the relation

el
4n €,

o
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so that the eqn. (1.8.1) becomes

Fa—t 2 1.9.2
4“ % r . sesd o
The constant €, is known as permittivity of
free space and its value is

1

=885419x107°C*N'm™
4n K

ED=

o

~8.85 x1072C2 N m2-

Example 1.9.1 An electron and a proton are a
distance one meter apart. Find the electrical force
of attraction between them in mks and cgs
systems. Hence find the relation between
newton and dyne.

Solution :
ke S He Q.?;
? 4n e, T
=9x10% x16x107'? x1.6x 1071
=23.04x10"°N
Incgs, F= Ql—??"

¥
=48x10"10 x48x1071°
=23.04 x 10 **dyne

© 23.04x102°N =23.04 x 10”2 dyne
or 1N = 10°dyne

1.10 Effect of mediuni on Coulomb’

interaction :

It is important to recollect here that the
eqn. (1.9.2) represents the force of interaction
between two point charges in vacuum. It can
easily be shown by an experiment that if a
material medium is present between the two
point charges, the force F between them will be
reduced. The amount of reduction of force

7

defends on the influence of the mediumand it

is taken care of by replacing €, ineqn. (1.9.2)
by &, known as permitivity of the medium.
Electric permitivity ( €) :

Electric permitivity of a medium gives a
measure of that characteristic property of the
medium surrounding electric charge which
determines the force between the charges.
Permitivity is the ability of a dielectric to
concentrate electric flux. It is usual to write ¢

= e).

permitivity and it is defined as follows :

e, where £ is known as relative

_€ _ permitivity of the medium
€, permitivity of free space

Ef=

Also €, = K where K is known as dielectric
constant of the medium.

The force of Coulomb interaction
between two point charges Q, and Q, situated
inamedium of permitivity € and dielectric constant
K, on using eqn. (1.9.2) can be written as

1 QQ,
F'= 1’2
41! E r2 .ulalo.l
S Q,Q, _
4 e K P ....1.10.2

From eqn. (1.9.2), (1.10.1) zind (1.10.2) it can
easily be shown that

-E-_—__E___=Er= K
F’ €,
F
F'=—
or K

The force. between two point charges in a
medium of dielectric constant X, is reduced by

a factor of -IL{- when compared with the force

between the two charges situated in vacuum.
Dielectric constant (K) of a dielectric medium



is the characteristic of the medium. It is
dimensionless. Its value is same both in cgs and
S.IL units. Its minimum value is unity for vacuum
and maximum value is infinity for good
conductors.

The values of dielectric constants for some
dielectric media are given for reference in table
(1.2)

Table 1.2 Dielectric constants

Gases :

Air 1.0006

Hydrogen 1.00026

Carbon dioxide 1.00097
Liquids:

Alcohol 25

Oil 2-22

Turpentine 22-23

Water 80-83
Solids :

Glass 6-10

Mica 56-6.6

Paraffin wax 2-2.6

Procelain 6-7

1.11 Dimensions of permitivity € :

In the branch of electricity, besides the
dimensions [M], [L] and [T], we have [A] for
electric current or [Q] for electric charge. [Q]
and [A] are related to each other by the relation

[Q] = [AT]
" From eqn. (1.10.1), we have

= 2Q
" 4n Fr?

4
[MLT? L]
[¢)= [M'L"3'1‘2Q2] ‘m [MLTQ]

S VTS T VN

Bureau's Higher Secondary Physics

1.12 Principle of Superposition of
Coulombs forces :

Coulomb's law is used to calculate the
force between two point charges. Principle of
superposition enables us to find the force on a
point charge due to multiple point charges.

Principle of superposition states that
when there are a group of point charges in
a medium, the force between any two point
charges is independent of the presence of all
other point charges. The force on any point
charge is the vector sum of individual forces
due to all other point charges in accordance
with coulomb's law.

1.13 Force on a charge due to a multiple
electric charges :

Consider a set of point charges Q,, Q,,
Qys eerierin Q,. Their position vectors

respectively are 1j, 5,1 -woeeenee 1, as shown
inthe fig. (1.3)

Q, P

f
Fig. 1.3
_ In free space, the force on the charge Q,
due to charge Q, is given by
= . Q ~
B, =—‘_"‘-QI 23 el
LAn g, )

Similarly the force . ....... E,; are given by
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-

QQ: ;.

dne, 13

- Q]Qn

- 2 Lot
ame

The total force on Q, due to all other charges

Q, in free space is

F=F, +F+....4F,
= 1 [-QBQE ?'
= 2 U
in e, l_ Y
where 2]:73].------ Ty are the distances between
Q, and Q, , Q; and Q,, Q, and Q,
respectively and B12 53] Tn) are their
respective unit vectors.
Example 1.13.1 Three identical charges each
of charge q are placed on three vertices of an
equilateral triangle of each side of length ‘a’.
Find force on any one of the charges due to
other two charges.

Solution :

FSI —

nl

T,

42

Tl

+ Q'?’ Ty +.
o2

31

------

Fig. 1.4
Forces on the charge g at A duetocharges |

at B and C are equal in magnitude : 2

F

F

q
4n €, a°

[Fil=

Resultant F= F, + F,

[F = F? + F3 +2RF, cos 60°

2

-3 _fiv1+41
4m € a
B
4n Eua2
Direction of E :

F bisects the angle between F, and F

as their magnitudes are equal. Hence F makes
30° with F; as shown in the fig. 1.4

Example 1.13.2 Two pith balls each weighing

19.6x 107 kg are suspended from the same

point A by two silk threads each 1.0 m long.
The two pith balls have identical charge and
repel each other making an angle 90° at the apex
A. Calculate magnitude of each charge.

Solution :

Fig. 1.5
It is clear from the fig (1.5) that, for
equilibrium of the pith ball;

TeosO =mg
“Tsin0=F "'+ d |
‘F=mgtan9=_r_ng;_].
' U sl
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3 is unaffected by the presence of other

But F= - S charges in their neighbourhood.
ne s iv)  Coulomb force is a central force (as it acts

: " along the line joining the two charges)

‘=4m e r . .
q ST mg v)  Coulomb force is a conservative force
b (since work done in moving a charge from
_2x196x10 " x93 g one point to another in an electric field is

9x10° - ' independent of path followed.)
- vi) Coulomb force is an unsaturated force.
q= 196 %1077 = 0.65uC (Since a single charge can interact with
3 any number of other charges).

1.14 Salient features of coulomb interaction vii) Coulomb force is a long range force.

i) Coulomb’s law is a cxpen!ncntal law. Coulomb's law has similar mathematical
(Cqulomb ﬁrs.t established thislawonthe gy a5 that of Newton's law of gravitation
basis of experiments).

o ) : ; ; mymo

ii) ~ Coulomb's law is applicable to point (F=G—35-=) but they are fundamentally
charges or charges which are considered o _
to be concentrated at points. different. Hence it is worthy of mentioning here

i ~ thesimilarities and dissimilarities between these

iii)  Coulomb force between any two charges . types of interactions.

a) Similarities :

Coulomb interaction Gravitational interaction

i)  Coulomb foree is directly propotional to Gravitational force is directly proportional
the product of two charges and inversely to product of two masses and inversely proportional
proportional to square of the distance to square of the distance between them.
between them.

iy Itisacentral force. It is also central force.

It is a long range imeri;ction- It is also long range interaction.

iv) Itisaconservative force. It is also conservative force.,

v)  Coulomb interaction between any two Gravitational interaction between any two
charges is independent of the presence of masses is also independent of the presence
other charges in their neigh-bourhood. of any other masses in their neighbourhood.

b)- Dissimilarities : '

Coulomb interaction Gravitational interaction

1)  Coulomb force is both attractive Gravitational force is only attractive.
and repulsive.

ii)  Coulomb force between two charges Gravitational force between two masses is
depends on intervening medium. |« unaffected by intervening medium.

iii) Coulomb in'_l'e?action is very 'much stronger Gravitational interaction is a very
and about 10*times, that of gravitatioanl weak interaction.
interaction belween a pair of eleetrons.
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1.15 Continuous charge distribution :

Charge is descrete. We cannot think of a
charge less than the basic charge i.e. charge of
an electron or a proton. All charges are integral
multiples of elementary or basic charge. Hence
from a microscopic point of view, continuous
charge distribution is not possible. However,
macroscopic effects of a heavily charged body
can be computed by assuming the charge to be
continuously distributed in space. This concept
is somewhat similar to treating a fluid as
continuous in hydrodynamics even though the
fluid is composed of molecules.

It is customary to define a continuous
charge distribution in terms of a density function
which is of three types :

i) Volume charge density (p) :

It is defined as the ratio of sum of all
charges ( Aq ) inside a small volume ( AV ) and

the small volume ( AV ).

LA
Thus p AV
or Agq=pAV

Mathematically, charge density at a point is
defined as

. Aq dq
= lim —=— ..L.15.
e 1.15.1
Thus q=[pdv .1.15.2
v

where the intergration is over the volume v.
ii)  Surface density of charge (c ) :

In case of charge being distributed in a
very thin layer on the surface of a body, we
make use of surface density function. Surface
density of charge is defined as ratio of sum of
charges (A q) in a small surface element (A S)

and the area of the surface element ( A S).

11

Aqy
U = —
Hence

Surface density of charge at a point is defined

as o= lim [A—q]=d—q

Asol AS )~ ds w1153

Thus 9= £ ods L1154

where the integral is over the surface S.
{ii) Linear density of charge (), ) :

When a charge is distributed along a linear
body whose cross section is negligibly small
compared to other dimensions, linear charge
density is useful to derive electrostatic

properties.
Linear charge density (A) is defined as
the ratio of sum of charges ( A q) in a small

linear element ( A¢) and the linear element
(AL)

]

A=
Thus A

Linear charge density at a point is defined

. [Agq)_dq
A= 1 — |=—

Af—0\ Al

Hence 4= £ rdt 1156
where the integral is a line integral over the

length (.
SUMMARY

I.  Electrostatics deals with properties of
charges at rest.

2. Amber, ebonite, glass etc. on being
rubbed with fur attract light objects. This
property, acquired by the materials, is due
to electrification by friction.
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3.  Characterstics of charge

i) Two types of charge : Positive and
Negative.

ii) Like charges repel whereas unlike
charges attract.

iii) Charge is quantized, one quantum of
charge is 1.6 x 10"° C.

iv) Charge is conserved.

v) Chargeis ascalar quantity and hence
they obey scalar addition.

vi) Chargeisrelativistically invarianti.e.
the value of a charge does not vary
with relative motion with respect to
an observer.

4. Coulomb's law

The force of interaction between two .

point charges q, and q, seperated by a

distanceris
919

F=K,~12
r
a) In free space,
i) incgs (esu) K =1
992
F=
P
) S
Mt Ame,

.‘tbl)\'I‘

wly b

R El‘xﬁrz

=90x 109Nm2C'2

ol 99 %

dne, 17 .

In a dielectric medlum f dielectric

constant K, the force between two charges
varies inversely as the dze[equa constant

i)  incgs (esu)

9192

= ]
» 1

O nsnd)
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i) inSI
1
41 Eo

qu

~de r

where € is the permitivity of the medium
present in between the two charges.

(L=

192
2

F=

|

12 E

The dielectric constant K has same value
both in cgs (esu) and SI syslems

Unit of Charge
i) Inc.g.s.(esu)system - stat-coulomb.

Stat-coulomb is the amount of
charge which when placed at a
distance of lem in free space from
an identical charge, repels it with a
force of one dyne.

ii) InS.I system - Coulomb

Coulomb is the amount of charge
which when placed at a distance of
one meter, in free space, from an
identical charge, repels it with a
force of 9 x 10° Newton.

“1L.coulomb = 3 x 10 stat coulomb

Principle of superposition of Coulomb
forces

It states that the net force on any point
charge, when more than two charges are

..., present, is the vector sum of the individual

Coulomb forces on the point charge due
to the other charges.

Coulomb force is a conservative, central,

long range, unsaturated, depends on

intervening medium and much stronger

than gravitational force.

Continuous charge distribution is of three

FYPRS

i) Linear charge distribution and the
charge along the length [ is
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expressed in terms of linear charge
density function (A )as

q=[Ad(
£

i) Surface charge distri bution and the
charge on the surface S is expressed
in surface charge density (o ) as

q=[ods
s

iti) Volume charge distribution and the
charge in the volume V is expressed
in volume charge density (p ) as

q=[pdv

Solved numerical examples :

1.  Two identical conducting spheres P and
S with charge Q on each repel each other
with a force F. A third identical uncharged
conducting sphere R is successively
brought in contact with the two spheres.
What is the new force of repulsion
between P and S7

Solution :

When R is brought in contact with P,
charge Q is equaly distributed between P and
R A

. ChargeonP=Q/2

and ChargeonR=Q /21,
Now R is kept in contact with the sphere S.
Total charge Q+% is equally distributed

between the conductors.

Charge on the conductor
2 4

Initial force of repulsion between P and S is

o

-__4:":(.—;,1‘2

13

Final force of repulsion between P and S is

| Q/2x3Q/4
4n g, i

F'=

31 @
8 4ne, r’
3,
g F

2. Compare the electrostatic and
gravitational forces between the electron
and the proton of a hydrogen atom.

(Given:m, =91x107' kg, m, =167 x10"" kg

e=16x10"'? Coulomb, G=667x10""
NmZ?kg2)
Solution :

Electrostatic force of attraction,

1 QQ;

Tane, P

€

Gravitational force of attraction,

. Memy
F,=G 2
Tr
E__1 1QQ
F, 4neg, G mm,
9x10’ 16x107"° x16x107"

= x
667x107"  91x107 x167x1077

=23x10%-
3. Thedistance btween electron and proton
in a hydrogen atom is 0.53 A°. Find the
electric force of attraction.

\ 20

Solution :

Given Ql = QZ = 15 x‘10"19 Coul,
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r=053x10"'10m

1 QQ

Fe=—— OS5

T4ne, O

9x10? x16x107% x16x107"?
(053x10710)?

=82x107°N-

4.  Two point charges 4Q and Q are situated
a distance d apart. Find the position of
the third charge q, so that it will be in
equilibrium. Discuss whether the charge
q is in stable or unstable equilibrium.

Solution :

Consider the charge q at a distance x from
4Q on the line joining 4Q and Q. As the
charge q is in equilibrium, net force on q

is zero.

4Q FE 4 fF 0

e

SRS R SRS >
Fig. 1.6

[&|=[E|

4 Qq
dne X’ ~ 4ne (d—x)*

4(d—x)2 =x?
2(d-x)=%x

Solving X = :‘-’f or2d

x canpot be equal to 2d in which case the forces
exerted'on q due to 4Q and Q will be in the
same direction and it cannot be in equilibrium.

Lo X=2a7135
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For equilibrium, q can be negative or positive.

i) If the charge q is positive, it is in
stable equilibrium, along the line
joining the charges 4Q and Q but in
unstable equilibrium in a direction
perpendicular to the line joining 4Q
and Q because a small displacement
of charge g, will make the charge q
to go away from them.

ii) If the charge q is negative, it is in
unstable equilibrium along the line
joining the charges 4Q and Q but in
stable equilibrium in a direction
perpendicular to the line joining 4Q
and Q. '

(A body is said to be in equilibrium,
when the net force acting on it is zero.
Imagine the body to be displaced by
a small distance from its equilibrium
position. If it comes back to the
equilibrium position, the body is said
to be in stable equilibrium. Otherwise
the body is said to be in unstable
equilibrium)

5. The force of attraction between two
charges in free space is found to be same
when they are kept in a dielectric medium
and the separation between them is
reduced to half the distance they were in
free space. Find the dielectric constant of

the medium.
Solution :
In free sp&ice F= ;g'g-z-
dne, 1

In a dielectric medium,

TR
& 41:601(()2

I
2




L
7 \
W
- s e
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MODEL QUESTIONS

D

Multiple Choice Type Questions :

Which of the following is the unit of
electric charge

a) Coulomb b) Stat-coulomb
¢) Abcoulomb d) All the above
The electrostatic force between two
charges Q1 and Q2 separated by a distance
risgivenby F=K gllgi . The constant

K
a) depends on the system of units only

b) depends on the medium between the
charges only.

¢) depends on both (a) and (b)

d) None of the above.

The force between Ql and Q, is F. If a
third charge Q, is brought near Q , the
force between Q, and Q, is F' (Say). Then
a) F=F

b) F>F

c)F<F _

d) F' may be greater or less than F

The coulomb force of attraction between

. twocharges separated by a distance is 4N.

If a dielectric medium of dielectric
constant 2 is kept to fill the space between

. them, the force of attraction now becomes
~ a) 8N

b) 4N "

¢) 6N d) 2N

A body is positively charged. It has
a) excess of positrons -

b) excessofelectrons

' 1oue) deficitof electrons » 1l -1
i1 ) deficit f protons. !¢

a7
4 L
i

6.

10.

If F, and Fg are the electric and
gravitational forces respectively between
an electron and proton situated at a

distance apart, the ratio of F_ and F L isof
the order of

a) 10°% b) 10 ¥
c) 1 d) 104

An isolated conducting sphere is given a
positive charge by rubbing, Its mass

a) increases
b) decreases

¢) remains the same

The dimensions of €, are
a) 'MJL‘ZTZA-‘]
b) 'M"L"T“A“]

0) 'M“L"*T“AZ-]

d) 'M““L"-"T-’AI]

A body has a pq._silli ve chargé of InC. It
has ! :

a) 6.25 x 10" electrons in excess

b) 6.25 x 10'? electrons in deficit

¢) 10%electrons in excess

d) 10° electrons in deficit.

A proton at rest has a charge e. When it
moves with a high speed, its charge

a) >e
b) xe
c)=e

d) may increase or decrease.

Hers



10.

I1.

12,
13.

14.

15.

16.

17.

Very Short Answer Type Questions :
What is electrostatics ?

Name the Scientist who first showed that
two kinds of charges exist.

Name the Scientist who first assigned
algebraic signs to the two charges.

What is the nature of charge present on
an abonite rod when it is rubbed with fur?

State Coulomb's law of electric force
between two charged bodies.
[CHSE 1989 (s)]

Does Coulomb's law of electric force
obey Newtons third law of motion?

What is the value and dimensional
formula for g, ?

Define one Coulomb.
What is a point charge ?

A body can have a charge of 1.0 x 10"
coulomb. True or false.

The force between two charges in free
space is F. If a dielectric medium of
dielectric constant K is placed, the force
between two chargesis__. .

Is coulomb force a central force ?

What is the minimum amount of charge
that can be given to a body ?

Two charges +1uC and +5uC are
placed 0.1 cm apart. What is-the ratio of

the coulomb force acting on each of the
two charges. [CHSE 2002 A]

Which of the following forces is the
strongest - gravitational, nuclear, electro-
static? [CHSE 2002 A]

Name to basic properties of electric
charge.

The force acting between two point

charges q, & g, kept at, s?{ﬂ? distance
apart in air is attractive or repulsive

[CBSE AI 2005]

o

10.

11.

12.

13.

14.
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[CBSE(F)
2007]

What dose q,+q. = 0, signify in
electrostatics ? [CBSE 2001]

Short Answer Type Questions :

@) q, q,>0 (i) g, q.<0

What is quantisation of charge ?

How many electrons constitute a
Coloumb?

What are the important properties of
electric charge ?

Give two points of distinction between
charge and mass.

What is the dimensional formula for K,
in Coulomb's law.

Is Coulomb a very big unit of charge?
Justify.

Is the Coulomb force between two
electrons greater than gravitational force
between them ? If so by what factor 7

Charge is additive. What do you mean
by this ?

What do you understand by the principle
of superposition of Coulomb forces ?

Why does a phonograph record attract
dust particles just after it is cleaned ?

State whether the force between two
charges will be changed when a third
chdrge is brought near them ?

When a charged comb is brought near a
small piece of paper, it attracts. Does the
paper become charged before being
attracted ?

A glass rod is rubbed with fur. After
rubbing, the glass becomes shghtly heavy.
True or false.

A Polythene piece ruhbad with wool is
found to have a negative ¢harge of 1C.
Estimate the number of electrons
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transferred. Is there any transfer of a mass
from wool to polythene?

IS. Acombrun through one's dry hair attracts

small bits of paper, why? What happens
if the hair is wet?

16. Vehicles carrying inflamable material

- usualy have metallic ropes touching the
ground during motion, why ?

17. How can one ignore quantization of

electric charge when dealing with
macroscopic or large scale charge ?
[CBSE Sample Paper]

D. Numerical Problems:
1.

2

4.

L

3.

The distance between electron and proton

in a hydrogen atom is 0.53 A°. Find the

speed and frequency of revolution of
electron round the proton.
(m, =91x107"kg)
A spherical conductor having a charge of
100 KC is brought near another metallic
sphere (of mass 36kg) resting on earth’s
surface. What minimum distance of
- separation should be maintained so as to
lift up the metallic sphere with uniform

- speed. What happens if the separatin 1s

"'more or less than the calculdted value.
(assume g=10 mS™?).

Two identical charges are placed at a
separation of 1.0 m. What should be the

-magnitude of each charge, so that each
one repels the other with aforce of 36 kg
wt. (2=10 mS?)

Find the coulomb force between two

* ' protons in-a nucleus if the average

distance between two protonsina nucleus

oo ig6 fermianls rad s G

5. Twocharged particles are a distance 1 mm

apart. Find the minimum coulomb force
between them.

10.

11.

12,

13,

Bureau's Higher Secomdary Physics

Glass ball is rubbed with ebonite ball and
kept at a separation of lcm. If the force
of attraction between them is 10N find
charge on each ball.

Find the ratio of electric and gravitational -
foces between two protons when they are
kept at a distance apart.

Three equal charges each of LuC are
placed at the three corners of an equilateral
triangle of sides 3cm each. Find the force
experienced by each charge due to the
other two charges.

Fourequal charges 1nC each are placed
at the four corners of a square of each side
3cm. Find the force experienced by each
charge due to the other three charges.

An infinite number of identically charged
bodies are kept along the x axis at points
x =0, Im, 2m, 4m, 8&m, 16m and so on.
All other charges repel the charge at the -
origin with.a force of 1.2 N. Find
magnitude of each charge.

Four point charges each of charge —4uC
are placed at the four comers of a square
such that they are in equilibrium when a
charge q is placed at its centre. Find q.

Two insulated charged metallic spheres
A and B have their centres separated
by a distance of 50 cm in air (a) calculate
the force of repulsion between them if

the charge.on each is +50x1075C. (b)
calculate the force of repulsion between
them when the two spheres are placed
in water. (dielectric constant of water

15 81.0)

Two similar spheres each of mass m and
carrying equal charges q are hung from a
common'point by means of two silk

threads each of length £. Show that the -
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14.

15.

16.

17.

18.

separation x between them is given by

2{ 113
= d
(%Eo mg)

when the angle 8 between the threads is

.very small.

Four equal positive charges each of value
Q are arranged at the four corners of a
square of side 'a' each. A body of mass m
and having a unit positive charge is in
equilibrium at a height h above the centre
of the square. Find Q.

Three charges of magnitude 100uC each
are placed at the three corners A, B and
C of an equilateral triangle measuring
4meters on each side. If the charges at A
and C are positive and the charge at B is
negative, what is the direction and

- magnitude of total force on the charge

at C.

A charge q is placed at the centre of the
line joining two equal charges Q. show
that the system of three charges will be in
equilibriomifq=-Q/M. [CBSE AI2005]

Three point charges +2 pC , -3 pC and
-3uCare kept at the vertices A, B, C
respectively of an equilateral triangle of
side 20 em. What should be the sign and
magnitude of charge to be placed at the
midpoint M of side BC so that the charge at

- A remains in equilibrium ? [CBSE 2005]

Two identical metallic spheres, having

unequal opposite charges are placed ata
distance of 0.50 m apart in air. After .

bringing them in contact with each other,
they are placed at the same distance apart.
Now the force of repulsion between them
is 0.108 N. Calculate the final charge on
each of them. [CBSE 2002]

EI
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Long Answer Type Questions :

Discuss different characteristics of charge.
What do you mean by conservation of
charge ?

What do you mean by electrification?
Discuss various ways of electrifying a
body. How can you charge a conductor
positively by induction?

State Coulomb's law in electrostatics and
hence define unit of charge in e.s.u and
S.I. system.

State the principle of superposition in
electrostatics. Obtain an expression for
force on one charge due to all other
charges present in its neighbourhood.

True - False Type Questions :

Two identical metalic spheres of exactly
equal masses are taken. One is given a
positive charge Q coulomb and the other
an equal negative charge, Their masses
after charging are different. :
Coulomb's law holds good for all
distances greater than distances of the
order 10°m,

Force between twocharges increases if a
wooden slab is kept between them.

A charge q, exerts some force 'F; on a
second charge q.. If a third charge g, is
brought near, the force of q, on q, charges.
A solid conducting sphere hold more
charge than a hollow sphere of same

When"fhe distance between two charged

. particles is halved, the force between them

becomes four times. ., -

Force between two charges separated by
a,_lgl_\l_s'l;la_'{xcc r varies a%r;ﬁ i
Force between two charges is governed
by Ampere's law. ;



Coulomb is the unit of charge in S.L
system.

The ratio of gravitational force and
electrostatic force between two electrons
separated by a distance of 10 cmis of the
order of 10*,

Fill in Blank Type Questions

A soap bubble is given a negative charge.
Its radius.... '

The positive charge which must be given
to the earth and moon so that gravitational
attractive force between them is nullified
by electric repulsive force is.....

The ratio of the forces between two small
spheres with constant charges (a) in air
(b) in a medium of dielectric constant K
is respectively.

In S.L system of units isequal to...

4n g,
The force between two electrons
separated by a distance r varies as .....

ThE i law governs the force between
two static charges.

An isolated conducting sphere is givena
positive charge by rubbing. Its mass......

8.
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A proton at rest has a charge e. When it
moves with high speed ‘- its charge is

aaaaaaa

A body has a positive charge of luc. It
has ............ electrons in deficit.

Dimension of €, iS .............
Correct the following sentences :

Chrge on a body can be any multiple of
electron charge.

A body is negatively charged if it loses
electrons. '

In S.I system of units 1/4xrs, is equal to
6x10"Nm? /C?

The charge on an electron is | ¢x107°
coulomb.

Gauss's law governs the force between
two charges.

Force between two charges increases if a
wooden slab is kept between them.

Force between two charges varies directly
as the sqare of the distance between them.
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ANSWERS | )

>

Multiple Choice Type Questions :

L % © 3 @ 4 @S 6. ) 7. (b) 8. (©
9. b 10. (©

Numerical Problems :

1. 219x10°mS’", 6.56 x 10" Hz

2. 0.5 m. If the separation (d) > 0.5 m, the metallic sphere cannot be lifted. If d < 0.5m,
- the metallic sphere will touch the conductor for a moment and separate.

3. 200uC 4. 6.4 N
5. 23x102N 6. 1uC
7. 123 x10% 8. 1043 N
9. 19.14N 10. 10uC
11. 391 uC 12. (@)9x 105N (b) 1.1 x 10¢N -
SN2

mgn €, _

14. » [ +?] e 5.625 N, parallel to AB
2 o

[ Hints : mg = 4FcosB, cos8=h/ ,/h +?]

17. Q= [25/3)uc 18 Jfac

(1) True, (2) True, (3) False, (4) Fals¢, (5) False,
(6) True, (7) False, (8) False, (9) True, (10) True.
(1) Increases, (2) 5.7 x 10"C, (3) K:1 , (4) 9x10° N.m*/coul*

(5) Xz (6) Coulomb's (7) decreases (8)e (9) 6.25 x 10" (10) M* L* T* A°.



Electric Field and Potential

2.1 Electric Field :

It is difficult to visualise the force
between two charged bodies as there is no
physical contact between them. To explain
this, in the nineteenth century, Faraday
introduced the concept of field which was
subsequently developed by Maxwell.
Accordingly electric force between two
charged bodies is a two step process :

a) A charged body known as source
charge creates an electric field around it.

b) This field acting on any other charge
present in it produces a force but it cannot exert
a force on the source itself.

The electric field thus plays an intermediary

role to produce the force between two charges

‘and its introduction is inevitable for

understanding interactions between the charged

bodies. Moreover, the region in which the
- electric field is present gets modified.

Now we are in a position to define an
electric field. Electric field is a region of space
surrounding a charge, or a system of charges

in which any other charge brought in,

experiences aforce. It is to be noted that electric
field exists arround a system of charges even if
there is no charge to realise its effect.

An electric field has twa important
characteristics : direction and magnitude. The
direction of the electric field at a point is the
direction of the force experienced by a positive
charge placed at that point. Hence electric field at
a point near a positive charge is directed away from
it whereas it is directed towards a negative charge.

2.2 Electric field intensity or electric field
strength :

The quantitative measure of the strength
of an electric field is known as electric field
intensity. Electric field intensity at a point due
to a charge or a configuration of charges is
defined as the force experienced by a unit
positivé test charge placed at that point,

;.

90
where E istheelectric field intensity. f isthe force -

experienced by positive test charge q,, . (Testcharge
is a positive charge of such asmall magnitude that,
its presence at a point does not disturb the electric
field to be measured at that point)

Electric field intensity is a vector quantity.
Consequently electric fields, must be added
vectoriallly. Its unit in SI is Newton per
Coulomb and in esu is dyne per stat Coulomb.

(2.2.1)

Example 2.2.1 What is the force experienced
by an o particle in a uniform electric field of

intensity 5x 107N /C.
Solution :

The force experieqced byan «-particleis
F=Eq '
=5x10~* x2x16x1071

= 16x107 4N
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2.3 Electric field intensity due to point
charge : \
Cons;idcr apoint charge'Q. Let g, be the

test charge placed at a distance r from it as shown
in the fig. 2.1.

F

Ql\
Fig. 2.1

In accordance with Coulomb's law the force

o

ok |
miy

experienced by test charge q, in free spaceis,

Qq,
4n eur

F= 71 (23.1)
where f is the unit vector in the direction from
Qto q,, . By definition, the electric field intensity

E due to a point charge Q at the position of test
charge is given by

= .(232)

The direction of E is along the line joining the
charge Q and g, pointing outward if Q is
positive (fig. 2.1) and inward if Q is negative.

Example 2.3.1 Find the electric field intensity
at the location of electron in hydrogen atom
if the distance between proton and electron is
0.5 A°. :

Solution :

The electric field intensity at the location
of the electron due to the proton is given by

el
4n g, 1
Here Q= 1.6 x 10 P coul,r=05x 10 " m

E=

9x10° x16x107"°
(05x 107102

S E=

=576x10'"'N/C
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2.4 The Electric field intensity due to a
group of discrete charges :
To find the electric field intensity due to
a group of n point charges, Q,Q,, ..... Q , we
calculate electric field itensities due to individual
charges E{,Ej w.cooees E,, atthe given pointand
add them vectorially,i.e.:

~(24.1)

: [Q' T+ 02?2+ +Q—._:‘fn]

"
-
2

Z =

(242
4" Sok=l T ( )

where 1y is the distance from the charge Q, to
the point where electric field intensity is to be

calculated. Ty, is the unit vector and its direction
is from K" charge to the point.

Example 2.4.1 An electron and a proton are
placed at a distance of 1.0 A’ in free space from
each other. Calculate electric field intensity at
the point midway between them.

Solution :

Electric field strength due to the proton
(Ep) and due to electron (Ec) are in the same
direction as shown in the fig. (2.2).
—»E,
. —p-E,

- . -

P : e
<4+—=10A" ==

Fig. 2.2
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SE=E, +E,
o G L0,
dne, 17 4ne, &
Here |Q1i=|Q2|=1.6x10_]9 coul,

5=r=05x10""m
g 9x10%x16x107" 9x10° x16x107"?
05%1071° 0510710
E=576N/C

2.5 Electric field_int.ensity due to a
continuous charge distribution :

Let dq be an infinitesimally small element
of a continuous charge distribution. Electric

—
field intensity dE at a point due to the element
of charge dq is

-4 I

-%f (25.1)

dE =
4n g,

where r is the distance from the element of
charge dq to the point where electric field

strength is to be calculated. T is the unit vector.
The resultant field strength due to whole of the
charge distribution is obtained by integration of
the above eqn. (2.5.1). .

o 23:2)

The integral of eqn. (2.5.2) may be a line,
surface or volume integral depending on
whether the charge distribution is a linear,
surface or volume distribution respectively.

i)  Foralinear charge distribution :
dq = Adt

= L .

4me
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where A is the charge per unit length and d( is
the length of small element of linear charge. The

integration is over entire length ( of the line
charge.

ii)  Fora surface charge distribution :

dq = ods

E(7) :

__1 o,
" 4n EUL 2

where o is the surface charge density and ds is
the small element of surface area s. Integration
is over entire surface area s over which charge
is distributed uniformly.

iii)  For avolume charge distribution :

dq = pd$

E(F) =

1 pdS.
4ne I S
(4] 8 r

where p is the volume charge density and d$

is the small volume element of the volume 9 .
Integration is over entire volume § in which
charge is distributed continuously.

2.6 Lines of force :

A line of force in an electric field is a curve
(line) so drawn that a tangent 1o it at any point
gives the direction of the electric field at that
point.

Faraday introduced the concept of lines
of force. Accordingly, an electric field can be
represented graphically by a number of lines of
force. These lines help us to compare
qualitatively the strengths of the electric field at
different points and determine the direction of
electric field at various points. Thus they give a

picture of how E varies in a given region of
space. Fig (2.3) shows electric lines of force
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near (a) a positive charge (b) a negative charge
(¢) two equal positive charges and (d) two equal
and opposite charges.

TR

(a) Electric lines of (b) Electric lines of
force due to positive force due to negative

charge charge

(c) Two equal positive (d) Two equal but
charges opposite charges
Fig. 2.3

Quantitative aspect can be associated with
lines of force by defining electric field strength
at a point in terms of electric lines of force as
follows :

The magnitude of electric field intensity at
a point is proportional to the number of lines of
force per unit area, area being normal to the
electric field, in the neighbourhood of the point.
This clearly implies that in the region of closely
packed lines, the field i$ stronger than the field in
the region where the lines of force are wide apart.

2.7 Properties of electric lines of force :

i) Lines of force are a purely
imaginary geometrical construction
aiding the visualisation of the
pattern of variation of electric field
inspace, '

ii)  Lines of force originate at a positive
charge and are directed radially

iii)

v)

vi)

vii)

25

away (fig. 2.3a). Lines of force are
directed towards a negative charge
(fig. 2.3b). :

Lines of force originate at positive
charge and terminate at negative
charge if it is present in the
neighbourhood of positive charge
(Fig. 2.3d).

Lines of force never cross each
other, otherwise there will be two
directions of electric field at the
point of intersection which is not
possible because the electric field
is a single valued vector point
function.

Closer are the lines of force,
stronger is the electric field and
farther apart are the lines of force,
weaker is the electric field. For
uniform electric field, lines of force
are parallel and equidistant.

Lines of force from a charged
conductor originate or terminate
(depending on whether the
conductor is positively or
negatively charged respectively)
normally to its surface.

Electric lines of force never pass
through a conductor. Hence electric
field intensify inside a charged
conductor is zero.

2.8 Electricdipole:

Twao equal and opposite charges
separated by a small distance constitute an
electric dipole. As its name implies, an electric
dipole has two poles: its positive charge is
known as positive pole while its negative charge
is called negative pole. A line passing through

.these two poles is known as dipole axis.

Perpendicular line to the dipole axis and passing
through the mid point of the dipole is called
dipole equator. :



An important parameter of a dipole
which determines the strength of its influence
on a charge placed in its field is dipolemonwn!.

Dipole moment (p) of an electric dipole is
defined as the product of magnitude of one of

its charges (q) and distance between them (2 ().
~(2.8.1)

{(For convenience distance between the two
poles of the dipole is taken as 2 ()

p=2qf

Dipole moment is a vector quantity. Its direction

is from - q to +q. 20, thus represents the vector
distance from -q to +q of the dipole.

Unit of dipole moment :

i) InS.L-Cm (Coulomb-meter)
i)  Incgs(esu)-statcoul cm.

An ideal dipole :

Anideal dipole is one in which charge of
each pole tends to infinity while separation
between two poles tends to zero such that their
product P=2q ( is finite. An ideal dipole is just
a point dipole having no size.

2.9 Electric field due to an electric dipole :
1) Al apoint on the dipole axis (End-on-
position)
Consider an electric dipole AB, consisting
of two poles, -q at A and +q at B, seperated by
adistance 2 (.

A 0 B P
< - + -~
P +P E,
= 2 =—=p
-+ F ot
*(r—1)»
=== (I + ) ———— >
Fig24
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Let P be a point on the dipole axis at a distance
't' from its mid point 'O’.

The charge -q at A produces an electric
field strength E‘ at the point P and it is,

e AL '
E, = dne, (1407 directed along PA.

The charge +q at B produces an electric
field strength E, at the point P and it is,

L 1 G,
L e (- 0 directed along AP,
The net electric field strength due to the dipole
at the point P is E; = E; — E| directed along

AP.

E =1 q9 g
P dne (-0 (r+0)

__q @+ -@-0
dne,’ (r-0(r+0)’

. q 4rf
dne, (r*-0)7

= | 2Pr

E, = % TP
dne, (1" -0)
AP i.e. along the dipole moment

o gaie) 2p
dne, (2-0)°

directed along

.(29.1)

In atomic, molecular and solid state
physics we have to deal with fields due to atomic
or molecular dipoles at distances very large
compared to the dimensions of these dipoles.
These are known as far-fields of a dipole. For
such fields the point P lies at a distance quite
large compared to the length of the dipole i.e.

r >> 2(. Then 4 in egn. (2.9.1) can be
neglected in comparision with r’. For far field
atend on position of a dipole
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E :
dne, 1

p «(2.9.2)

ii) Atapointon the dipole equator (Broad-
side-on position)

Fig. 2.5

Consider AB an electric dipole, consisting
of two poles, -g at A and +q at B, separated by
a distance 2 £ as shown in the fig. (2.5). Let Q
be a point on the dipole equator at a distance r
from its mid piont 'O".

The charge -g at A produces an electric
field strength E at the point Q and it is,

P q

=——— 2 directed alon
dne (P40 %

QA.

The charge +q at B produces an electric
field strength E, at the point Q and it is,

B = -

dne (r°+07) _

|EI|=E3 = q1 2
dn e (r +L7)

The A ABQ is an isosceles triangle in which
ABQ=BAQ=0. Hence the external angle

I?',z , their resultant

AQC =20. Since |f:‘,,|=
EQ bisects the angle between them. Therefore,
AQD =0 and EQ is antiparallel to dipole

moment p.

The magnitude of electric field, due to the
dipole, at the point Q is (using parallelogram
law of vector addition)

Eqg= JE‘F +E% +2EE, cos 20

=E;2(1+2c0s20) (E;=Ej)
: 4 5 V2 x2cos’0

i e, (r +£2)

! d ———=-2co0s0
41:60 Pt

g q 20
dne, P+ 240

e 1 P
Q 4 ‘Eu .(r2+f?.)%

«(2.9.3)

1 ( P)
EQ—«rhte,D (r* +£%)*

(-ve sign because EQ is antiparallel to P)
.(2.94)
For far-ﬁeld due to the dlpolc at broad side-on

position, ( < <r, (? can be neglected in
comparision with r*in eqn. (2.10.4)




R )
_41te0' r

..(2.9.5)

iii) Ata general point for far-field :

To calculate far-field due an electric
dipole at a general point, we can make use of
eqn. (2.9.2) and eqn. (2.9.5) as follows :

Fig. 2.6

_ Let R be a general point at a distance r
from the mid point '0’ of the dipole AB. Let r

make an angle 0 with dipole moment P as
shown in the fig. 2.6. Let us resolve P into two
rectangular components; one along r (say f’l )
and another perpendicular to r (Say P,). The
two field components E and Eg are then given
by eqns (2.9.2) and (2.9.5) respectively as

g -_L1 2B

" 4ne, 1

| P,

Bra— ot

and 0 41'(6“ rj;

But P, =Pcos and P, = Psin6

Bureau's Higher Secandary Physics

E = 1 2PcosH
Hence *r dme, ‘TS and
Bo's 1 .P51;19
47&"-0 | g

The magnitude E,, of the resultant field strength
at the point R is,

Eg =E +E;

1
_41teu

.;Ps—.[flcoszﬁ+sin2 e]-"f’i'

=it -I—:- 3cos’ 0+1
4ne, 1

-(2.9.6)

If the resultant field E, makes an angle
with the direction of E_, then

tan 3 =-I—3§?=-l-tan9
H 2

or  p=tan”' (S tan6) -(29.7)

The magnitude and direction of the far-
field of a dipole at any point, defined by the
polar coordinates (r, §) are given by eqns.
(2.9.6) and (2.9.7). These two eqns. can be used
to get back the eqns. for electric field for two
special cases as follows :

i)  Electric field strength at end-on
position

Putting § =0 ineqn. (2.9.6) and (2.9.7)
we have

o1 2P
4ne, 1

Eg




e
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and B=tan"'0=0° (2.9.8)

The eqn. (2.9.8) is equivalent to E,, of
eqn. (2.9.2).

ii)  Electric field strength at broad side - on.

position
Putting 9 = 90° in egns. (2.9.6) and
(2.9.7) we have

1 P
3

E, =
R dne, r

and B =tan"! 0 =90° (2.9.9)

The eqn. (2.9.9) is equivalent to Eq of

eqn. (2.9.5).
An Alternative Method
(i) End-on-Position :

The electric field strength E atapoint P,
is the vector sum of the electric field strengths

due tocharge -q at A and +q at B ; and is given

asﬁ:"_q+]§m=4neo I_.Pll l_.Pr

_ 9 E;P_XP

C4n 2P =P .(2.9.10
. BP| AP' ( )_

Now (see fig. 2.4)

BP=0P-OB=(r- )% -(29.11)

—

AP= "P+A0=(r+!)i

Giving ]EP| =r= f‘.'lzPl =r+f

(2.9.12)

.- (2.9.13)
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Usingeqns.2.9.11,2.9.12and2.9.13in2.9.10
we obtain.

i
Il

e [T LR :
dng|(r-0° (r+0)

q 4rf

. ) 20(2gfX)
4 & '(rl i, !:J}I

an &, (r* - F)? -(29.14)

Fal

i

Defining electric dipole moment p = 2q/% = 2q/
-(2.9.15)
We have

s B_FRNDNTe
4n g (r* - )

=

E= .(2.9.16)
Since >> 7. 50 > _ 72 & 2, and we have

1
41:5‘,'

5]
=1

E=

5 «(2.9.17)

i) Broad side-on-Position :

Similarly we have (see fig. 2.5)

- = - g |BO_AQ

E-E"'+E'q-4neu 2P |+£]..029.18)
o |

Now BQ=BO+0Q= -+ -(2.9.19)

- =)

AQ=AD+0Q = +1§ ~(29.20)

Giving ]B*Ql= (P +0)" =

Using 2.9.19, 2.9.20 and 2.9.21 in 2.9.18 we
obtain.

AQ' ..(2.9.21)

5.4 [—fiﬂ? (R +19

melle-ry (ee)

q 1 [ o - - al ==
= - =, -—x+ry—fx—ry]
S (24 ety .
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= 54 | A
B= (-=2¢
4x €, (rz = ,':):Vz X .(2.9.22)
Using (2.9.15) in 2.4.22, we obtain
E= 1 (-p)
4 e, [rz 4 c:)% (2.9.23)

Since >> 7. 50 ¢ 4+ £2 =~ ¢*, and we have

g )
e (2.9.24)

iii) Atageneral point :
Similarly (see fig. 2.6) we have

E=

= = q [BR AR
E—Eﬂ+Eﬂ=4R%lF*k‘s— =

Now from fig. 2.6

«(2.9.25)

BR =BO+OR = (% + 7 =7 F ~(2:9:20)

Y =A6+(YR= R+ F=F+( +(2.9.27)

GwmgIB[ (r* + 6 2L r)y'

l" =(,2+g= +2E.?)}5 ..(2.9.29)

Hence with r>> ¢ and retaining upto order 7,
we have '

-1-—=(f+c= el [ AL

P

e (r’+t‘+2t‘r)%—r (1 ﬁ)
e r

] .(2.9.30)

«(2.9.31)

B

.. (2.9.28)
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Using 2.9.26 t0 3.9.31 in 2.9.25 we obtain.

o)

~Giving (retaining up to order ¢ ) -

q [6(! r)r 2£]

Tang | ¢ ...(2..9.32]
Now the component along ¢ is
e, D L
4ne, r T
I 1 2pF _ 2p
E = — = !
" 4ne ' r  4ner ~(2.9.33)
Where p, = ﬁ-{ =p.i =pcosd .(2.9.34)
2pcosO _
Taxer «4£2.9.39)

T 7.(29.36)

where p, =p. § =p cos (90+6 )=psin §
psin®
SBy=
% e «(2.9.37)

From (2.9.35) and (2.9.37) we obtain

EaJ ‘-——4 0+l (2938)
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2.10 Electric dipole in a uniform electric field

J

a4/
7

I! /

,l'
/

rd

1C

qE=

YYYY Y VY
oo

A

Fig. 2.7
Consider an electric dipole AB, of dipole
moment P, situated in a uniform electric field
E such thatits dipole moment P makes an angle
@ with E . +q charge of the dipole experiences
a force qE while -q experiences a force -gE .
These two forces, equal in magnitude and

opposite in directions produce a couple. The
torque of the couple is

T=BCxqE

=2(sin0 xqE (-BC= 2(‘§in9)

This torque has a tendency to rotate the dipole

making it align parallel to the electric field E..
Eqn. (2.10.1) can be expressed in vector forms
as

T=PxE . (2.10.2)
2.11 Work done in rotating an electric dipole
in a uniform electric field :

The torque acting on an electric dipole in
a uniform electric field E is given by eqn.
(2.11.1) as

T = PEsin®

where @ is the angle between E and P (refer
fig. 2.7)

3

If the dipole is further rotated through an

infinitesmal angle d@ from 0, the work done
is ;

dw=Tdo
= PEsin6d0
Hence work done (by an external agent)
in rotating the electric dipole in the electric field
through an angle 0 from its equilibrium position
is

wa =TPEsin9
a o

W =PE(l-cos8) w(2:11.1)

Work done in rotating the dipole from the
angle 0 to 0, w.r.tequilibrium position is -

0,
"W = [PEsin®
6

=PE(cos0) —cosB,) ..(2.11.2)

2.12 Electric potential energy of an electric
dipole in an electric field :

Electric potential energy of an electric
dipole in an electric field when it is parallel to
electric field is

U, =—-PE L(2.13.1)

In this position the dipole is in stable
equilibrium and it has minimum potential
energy. Negative sign shows that the dipole
forms a bound system in the electric field.

If the dipole is rotated through an angle
@ fromequilibrium position, work done on it is
W =PE(l-cosB) (Refereqn.2.12.1)

Hence electric potential energy of the
dipole when it is oriented at an angle @ to the
electric field is
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U = U, + PE(1-cos6)
=—PE + PE(l - cos 8)
= —PEcos
=-P.E

2.13 Electric flux:

Flux is the property of a vector field. The
surface integral of a vector field over a given
surface gives flux of the vector field through
that surface.

«(2.13.2)

The word flux means flow which is.

adopted from hydrodynamics. We cannot think
of anything that is actually flowing in case of
electric and magnetic fields. Still the term flux
is used for these vector fields.

The electric flux associated with electric
field is ameasure of total number of electric lines
of force passing normally through the surface
held in the field. It is represented by .

" The concept of electric flux ¢, will lead
us to the development of Gauss's theorem.

_The electric flux through an 'elementm

area AS is defined as the product of the arga
and the component of electric field strength
normal to that area. In this definition, electric

field must be uniform over the entire elementary
area AS.

Let E he the electric field strength over
the elementary area AS . Component of electric
fic’' ' = vength in the direction of the normal to

=Ecosf =E.A

the wrea s E,
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where i is the unit vector in the direction of
positive normal to the surface. By definition

electric flux A@ through AS is

Ag = E.AAS -(2.13.1)
To make use of vector algebra, consider

—»
vector area AS. Its magnitude gives the area
and its direction is along positive normal to the
area of the surface.

For closed surfaces, conventionally,
normal directed outward is taken as positive.

For open surfaces, direction of positive
normal and tracing of the boundary enclosing
the surface are releated by right-handed screw
rule as illustrated in the fig. 2.8.

We can now write the eqn. (2.13.1) as

Ap = E.AS «(2.13.2)

Electric flux through a closed surface can
be expressed in integral form as
P = f:ﬁ.d§
The circle over the integral sign represents an
integration over a closed surface.

.(2.13.3)

2.14 Gauss's law and its proof :

The flux through a surface is measured
by the lines of force that cut through it. Number
of lines of force originating. from a charge
depends on its net amount. The law relates the
flux through any closed surface and the net
charge enclosed by the surface.

Gauss's law states that the flux of electric

field E through any closed surface is equal to
the net charge g enclosed by the surface

devided by €,.

Mathematically, Gauss's law can be
expmsscdas

fﬁ.d§=—q—

e, -(2.14.1)
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It is interesting to note that electric field

on the left hand side of the eqn. (2.14.1) is the
resultant electric field due to all the charges
existing in the space, whereas the charge
appearing on the right hand side includes only
those which are inside the closed surface.

i)  Flux due to an internal charge :

Consider a point charge q at 'O" inside a
hypothencal closed surface S of an arbitrary
shape.

Fig.2.9

Let P be a point on the surface at a dlstance r
from the point 'O and ds be an infinitesimal
element of the surface S around the piont P.

Electric field intensity at the point P due
to the charge q is

—9— directed along the line OP.
4n g, t?

Let extended line OP make an angle 6 with

E_.

the outward normal to dS. The flux qf the electric

field d¢ throughdSis
do = E.dS = E.nds
=E dscos 0

1
41'[6“

e -dscosf

~q dscosb
ane, 1

-9 4o
dn g,

-(2.14.2)

dscosB

r

where =dﬁ is the solid angle
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subtended by the area ds at the internal point
'O'. The total flux through the entire closed
surface is

P §411:qu o

i |
Wne.,fm

=4
dn g,

..(2.14.3)

Bl A
- 4dn e,

Hence ¢ = fﬁd_ﬁ =— (2.14.4)
S

where € is the total solid angle subtended by
the closed surface S at an internal point 'O’ and

itisequal to 4.

. Derivation of eqn. (2.14.4) is the proof
of Gauss's law for a single point charge q.
However, the law holds good even if there are
n point charges enclosed by the surface S, This
is because, we know from the principle of
superposition that the electric field due to a
number of charges is the vector sum of their
indixvidual fields. Hence the flux through the
surface S when the electric field E produccd
by n point charges q,, q,, ... q, enclosed by it
is given by

$E. ds _j':(E, +E,+
=§E;. ds+§E2 ds+ $E, ds

.

...... E“).ds

T T
8. & &
(using eqn.2.14.4)

§E ds= —Zq, ol

J=l

(2.14.5)

where X4 is the algebraic sumofcharges andis
equal to net charge g enclosed by the surface S.
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ii)  Flux due to an external charge :

Let the point charge q be placed at the
point 'O’ outsidé the closed surface S. Let us
cut the surface by a cone subtending a very small
solid angle () at o by the cut areas ds,, ds,,
ds, and ds,, surrounding the points P, Q, R and
T respectively as shown in the fig. (2.10).
Electric flux along an outward drawn normal is

positive,

: Fig. 2.10
while for an inward drawn normal it is negative.
Hence the electric flux through the small areas
dS, and dS, is positive while it is negative
through the areas dS| and dS,. Thus

electric flux at P through the area dS, =

. Y
dn €,

electric flux at Q through the area dS, =

9_40
dn g,

electric flux at R through the area dS, =

ey
ine,

and electric flux at T through the area dS =
9 40

. - 4n g,

Therefore, the total electric flux

9 40+ go-—% 40+ do-0
4n g, dn e, 4n g, dn e,
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The above reasoning is true for all the
cones drawn from 'O' through any shape of the
surface. Hence, the total electric flux through
the whole surface due to an external charge is
zero. As there is no charge within the surface,
according to Gauss's law also, the total electric

- flux therough the whole surface is zero.

Thus Gauss's law, in general, is proved.

If the closed surface encloses a continuous
charge distribution of volume density p and

volume of the charge § , then Gauss's law takes
the form,

§f§.d§=;lo-jpd9

2.15 Gaussian surface :

.(2.14.6)

It is an imaginary surface so constructed
that at every point of it the direction of electric
field vector is known in advance so that Gauss's
law can readily be applied. For example
Gaussian surface considered for : ;

i) - apointchargeis spherical surface of
any radius with the point charge as
centre.

i)  alinechargeis cylinderical surface
of any radius coaxial with the line
charge and so on.

2.16 Applications of Gauss's law :
a)  Field due to point charge : Derivation
of coulomb's law :

Consider a point charge at the point 'O’
Applying Gauss's law, let us calculate electric
field at a point p at a distance r from the point
charge q. Suitable Gaussian surface to be chosen
here is a spherical surface of radius r centred on
the charge q. (fig. 2.10 a)

-~ -~
F N
s L
/ A
! | W=
\ d 5
\ - (Qe—r—y
R - ¢ ds
\ ’
b ’,
~ ”

Fig. 2.10 (a)
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It is obvious that at every point of the surface,

E is normal to the surface and has same

magnitude. E and ds are in the same direction
as they are radially outward at every point of
the Gaussian surface.

Applying Gauss's law, we have

Bde=d
'§E'ds-e‘,
§ Edscosf = L

S

Since 6 = 0° and magnitude of E is constant at
all points of the surface,

s
E§ds 5

Edn?=2

or =

because §ds = 47r? is the total surface area of
the sphere of radius r.

Hence E= : . > ...(2.16.1)

4ne, 1*

Now consider another point charge g at
P in the electric field E due to the charge q which
is calculated above (eqn. 2.16.1). The force F
that acts on the charge q' is

F=q'E
I o
=tne

The direction of the force F is in the
direction of g which is along the radius vector
drawn from q to q' if both q and q' are positive
charges, i.e., the force F is a repulsive force.
Thus Coulomb's law is derived from Gauss's
law. '

b)  Electric field due to a line charge :

Consider a long line charge having a -

uniform linear charge density A (charge per unit
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length). We have to calculate the electric fieldata
point P which is at adistance r from the line charge.

ds

[ D
D
féi

Fig. 2.11
Let us choose a cylinder of radius r and

length { passing through the point P coaxial
with the line charge as the closed Gaussian
surface as shown in fig (2.11)

For flat circular caps of the cylinder, the

electric field vector E and area vector gs are
- =

at right angles to each other. Hence JE.ds=0

over the two flat circular caps. Total electric flux

through the closed gaussian surface is, therefore,
due to cyrved surface of the cylinder only. On

this surface, at all points, E is perpendicular to

itand parallel to ds . Again magnitude of E at
all points of the curved surface is same.

Hence using Gauss's law, we have

4 Bds=L
€,

[Eas + jE.d§=—‘3—
curved surface flat surfoces=0 S
[E.dscos('!:—q—
carved surface €o
Efds=—

€,
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Since area of the curved surface of the cylinder
is 2nrl and charge enclosed by the cylinder is
q=Al, '

E2nrl = AL

S

F- 7
2rer

or .(2.16.2)

Eqn. (2.16.2) gives the magnitude of the electric
field due to a line charge at a distance r. Direction
of electric field due to a positive line charge is
radially outward whereas due to a negafive line
charge it is radially inwards i.e. towards the line
charge.

¢) Electrie field due to an infinite plane
sheet of charge :

Consider a thin infinite plane sheet of
charge, having a uniform surface charge density
o on both sides (in a thin sheet of charge same
charge shows up on both sides). Symmetry of
the problem indicates that the electric field is
uniform and must be perpendicular to the plane
sheet of charge. Further, electric ficlds at the
points lying on opposite sides of the sheet and
equidistant from it, must be equal and opposite.

%
+
0 + + I &
+ + -+ e s
i‘ ——t + € ) P
Lo G | P
+ e 24
: + =+ ¥ =
& Pl + Gaussion
+ + + + surface
oot ‘L
lane sheet
of charge

Fig. 2.12
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Tq calculate electric field due to the plane
sheet of charge at any point P at a distance r
from it; let us choose a cylinder of area of cross
section A and length 2r through the point P
piercing the plane sheet of charge as the
Gaussian surface as shown in the fig. (2.12).

Electric flux through the curved surface
of the Gaussian surface is zero since area vector
ds is perpendicular to the curved surface while

electric field E is parallel to it. The electric flux
is only due to two flat circular caps of the cylinder. °
The charge enclosed by the Gaussian surface is
o A. Now applying Gauss's law, we have

§ Bds=2
€,

- - - . OCA
jE.ds+ jE.ds+ j'E.ds,:
curved surface  first cap second cap *S

(=0)
o Elds+Blos< 22
&
or E‘.}’L+EA=ﬁ
&
. (8]
B
or T3 (2.16.3)

It is important to note here, in case of an
infinite plane thin charged conductor, the
Gaussian surface will enclose a charge 20A
(oA on each side of the conductor)

Using the eqn. (2.16.3), the electric field due
to an infinite plane, thin charged conductor is

20

E:—:—

2, &

d)  Electric field between two oppositely

charged parallel plates (parallel plate
capacitor) : <5

Consider two parallel infinite plates,

uniformly charged with surface charge densities

+cand -0 respectively. The electric field

+(2.16.4)




Electric Field and Potential

between such oppositely charged parallel plates
is uniform as shown in the fig. 2.13.

—— —

bl + +

Fig. 2.13

Here the Gaussian surface is a rectangular box.
Only one of the faces AB of the rectangular
box ABCD, inside the electric field contributes
to the flux. Flux over the other faces is zero.
Since charge enclosed by the rectangular box
is oA , we have from Gauss's law

Bz =3
§E.ds =

[Eds+ [Eds+ [Eds+ [Eds= g
€
AB BC ch DA o
AB €
pA=C0
€,
o)

ki s (2.16.5

where A is the area of the face AB. Iﬁ.d§=0 7

cD
because electric field E is zero inside a charged
conductor.

Electric Potential :

We have seen that in order to calculate
Coulomb interaction between a number of
charges, one has to use the principle of
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superposition. This approach poses a
mathematical difficulty since it invloves addition
of a large number of vector quantities. One
desires to have a scalar function in terms of
which electric field can be expressed. Such an

. approach becomes very simple because the

scalar function is much easier to compute than
vector fields. Fortunately, the concept of electric
potential provides us with such a scalar which
is also related to the electric field. Let us now
proceed to develop the conept of electric
potential and its relation with electric field.

2.17 Conservative nature of electric field :

The conservative nature of electric field
is the basis for the development of the concept
of electric potential. A charge can be moved
from one point to another in an electric field in
a number of paths. But the work done is same
in all paths. This path independent nature of the
work done is known as conservative nature of
electric field. Itis expressed mathematically as

§E.c?r=0 (217.0)

i.e. the work done is a closed path is zero. Here

— —
E istheelectric field intensity at a pointand dr
is the infinitesimal displacement at the point. The
relation is further explained as follows :

Let us consider an electric field due to a
positive charge g as shown in the fig. (2.14).1f a
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test charge q, is displaced from A _to B along
the path A a B and is displaced back from B to
A along the path BbA, no work is done.
Mathematically

B _ ' A_
JEdr + [Edt =0
A B
(along the path AaB)  (along the path Bba)
B_ AL
or [E.df =— [E.dF
A B
B_ B.
JEds = JE.dr
or A A
(along the path AaB)  (along the path AbB)

That s to say if the test charge is displaced from
A to B, through the path AaB or AbB work
done is same. In general, we can say, in
displacing a charge from one point to another
in an electric field in all possible paths work
done is same. This concept is similar to
conservative nature of gravitational field.

2.18 Electric potential energy :

Let an external agent be used to do work
in moving a positive test charge q, from A to B
in an arbitrary electric field against the field. The
work done in the process is

B _
W =- iqo(E.d?) (2.18.1)

The negative sign is due to the fact that work
done by the external agent is equal and opposite
to the work of electrical forces when there is no
change in kinetic energy of q,,.

Since there is no change in kinetic energy
of a test charge, the external work done is equal
to the change in potential energy of the test
charge. Thus

4 y B 3
(P.E)g ~(P.E.)y =-[qo(E.dP)
- A

(2.182)
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Eqn. (2.18.2) is the general expression for
the difference between the potential energies of
the test charge q, at points A and B in an electric
field. To define potential energy of a charge at
a point in an electric field, rather than potential
energy difference, we have to choose a reference
point where the potential energy is arbitrarily
considered as zero. For mathematical simplicity,
this reference point is chosen atinfinity. Thus a
test charge is considered to have zero potential
energy when it is far away from the source
charge which produces the field. Thus in eqn.
(2.18.2) if the point A is considered to be at
infinity so that (P.E), = 0 and hence we have

B -
(P.E)g =—[qo(E.dr) .(2.18.3)

Since B can be any point in the electric
field, we can replace the subscripts in the integral
to have a general expression for potential
energy of a test charge q, in an electric field as

r

P.E= —]qo(E-d?) .(2.18.4)
where it is automatically understood that the
integral is a line integral along a line from infinity
to the point in question. The potential energy as
defined in eqn. (2.18.4) has a unique value ata
given point because of the conservative nature
of electric field.

It is worth mentioning here that the
potential energy is really a property of a system
of charges (test charge and charges setting up
the field). Customarily we talk of potential
energy of a test charge assuming the presence
of source charges. '

Now we are in a position to define the
potential energy of a charge and a system of

Chafgcs. .

The potential energy of a charge at a point
in an electric fieid is defined as the work done
by an external agent in bringing the charge
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from infinity to that point against the electric
field. '

The potential energy of a system of
charges is defined as the work done by an
external agent (against the electric field) to
assemble them by bringing from infinity to form
the system. C

2.19 Electrostatic Potential :

We have defined that in an electric field,
the potential energy of a charge at a point has a
unique value if we choose the potential energy
to be zero at infinity. Obviously potential energy
per unit charge at a point has also a unique value
and it is a scalar. This scalar point function is
called as electrostatic potential or simply electric
potential.

The electrostatic potential at a point in
an electric field is defined as the work per unit
charge required to bring a positive charge from
infinity to that point against the electric field.
Thus potential is a scalar quantity and it ¢an be
positive or negative.

Mathematical expression for the potential
(V) at a point using eqn. (2.18.4) can be written

(2.19.1)

In terms of line integral, electrostatic
potential at any point in an electric field is
defined as negative of line integral of the electric
field intensity from infinity to that point along
any path,

If r is the distance of a point from a point
source field, the potential at that point can
explicitly be written in line integral form as

«(2.19.2)

The potential difference between two
points in an electric field is defined as the
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potential energy difference between these poirits
per unit charge.

From eqn. (2.18.2), we have the potential
difference as

Bp-PBA _ T
(P.E)p —( A=fiEder2&D

9o
(P.E) (P.E)
But B - Vg and A= Va
9o Yo

where Vg and V, are the potentials at points

B and A respectively. Hence potential
difference between the points B and A is

B - =
%-W=JE¢ .(2.21.2)
A
The potential difference between two
points B and A is defined as the negative line
integral of electric field intensity from the point
A 1o the point B.

Alternatively, the potential difference
berween any two peints in an electric field is
defined as the work done in taking a unit
positive charge from one point to other against
the electric field.

2.21 Zero reference potential :

For mathematical convenience, a point at
infinity with respect to source charge is
considered to be at zero potential. This choice
is suitable for electrostatics. For electrical
circuits, the above reference point for zero
potential is inconvenient and potential of the
earth is chosen as the zero potential. This choice
is made because the potential of the earth
remains constant even though it may gain or
lose electricity.

Positive potential :
A conductor is said to be at positive

~ potential if when it is connected to earth, positive

charge flows from the conductor to earth i.e.
electrons flow frome earth to the conductor.
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Negative potential :

A conductor is said to be at negative
potential if when it is connected to earth, positive
charge flows from earth to conductor i.e.
electrons flow from conductor to earth.

Zero potential :

A conductor is said to be at zero potential
if when it is connected to earth, no charge flows
from conductor to earth or vice versa i.e. earth
connected conductor is at zero potential.

2.22 Units of electric potential (V) and
relation between them :

In SIsystem
= w_ _ Joul — Volt
q Coulomb
Inc.g.s. (esu)
Vals. — OB atvolt

q Stat—Coulomb
Inc.g.s. (emu)

LS. ST S5
q ab—Coulomb

Relation between volt, stat volt and ab-volt

1
ok Lioul o 10 eg .~

——l—stnl —volt
ICoulomb 3% 10°Coulomb 300

Again

oul 107erg

- =10%ab - volt
ICoulomb  {i5ab—Coulomb

Ivolt =

Hence stat volt = 300 volt = 3x10'? ab-volt.
Volt :

Potential at any point in an electric field
is said to be one volt if one Joule of work is
done in bringing 1 Coulomb of charge from
infinity to that point.

It is also defined as follows :

P.d. between two points in an electric field
is said to be one volt if one Joule of work is
done in taking one Coulomb of charge from
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one point to the other. Similarly we can define
for stat-volt and ab-volt.

2.23 Dimensions of electric potential :

_ [Joul]
M"[Coulmml_

perr?]
bt

: [M:r:T_z] - [ra]

Dimensions of electric potential are
[M212Q7! | or (M1
2.24 Electron Volt:

It is a unit of energy, frequenctly used in
modern physics and electronics. An eletron volt
(eV) is defined as the energy acquired by an
electron or a proton in a potential difference
of one vollt.

In general, energy acquired by a charge
q in a potential difference of V is given by

electric energy = Vg
lev = 1x 1.6 x 10™" volt. Coulomb

lev.= 16 %107 Joul ~(2:24.1)

Electron volt being a very small unit, million-
electron-volt (Mev) is used

1 Mev = 10°ev = 1.6 x 10 " Joul
.(2.24.2)

Velocity ( § ) acquired by an electronora
proton, initialy at rest, in a p.d. of V is given by

-an}Sz =eV

o 9=

where m is the mass of the electron.

(2.24.3)
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Example 2.24.1 Find the velocity acquired by
an electron in a p.d. of 1 volt if it starts from
rest. (m_ = 9.1x107! kg)

Solution : )

Velocity acquired by an electronin a p.d.
of Vvlots is

Zev  [2x16x107"7 x)
= — B ————

T =503x10°ms™
91x10

Example 2.24.2 What is the energy acquired
by an « -particle in a potential difference of 5
volts in ev and Joule.

Solution :
Energy acquired = Vq
=5x2e=10ev
=10x 1.6x 10"
=16x10"71

« - particle acquires an energy of 10 ev
or 16 x 10 "?Jina p.dof 5 volt.

2.25 Electric potential due to a point charge:

Let q be a point charge placed at the point
O. We want to find the potential V, at a point P
which is at a distance r from the charge q.
Consider another point Q very close to P at a
distance dr from P.

9. P Q
q_ «dr=

| 4 —
Fig. 2.15

.
By definition V,, = —[E.dF
oo
where E is the electric field at P due to the point
charge q and

|
_411:6“

'*.,.'I.n
“n
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! dne, 1
qQ  dr :
ST = l 2 (. r.dr =dr)
A
47: €,
g. .l
- 4 18 --(2.25.1)
nEe, I

If the point charge q and the point P are
in a dielectric medium of dielectric constant K,
the potential is

R R
P 4ne K r

2.26 Principle of superposition of potentials:

It states that potential at a point due to a
group of charges is equal to scalar sum of
potentials due to all individual charges
constituting the group. The potential due to each
charge is calculated as if other charges were not
present.

-(2.25.2)

Let us apply the principle to calculate
electrostatic potential due to a system of charges.

2.27 Potential due to a system of charges :
Consider a system consisting of a group

of point charges q,, q,, ...... q,. Potential at a

point, which is at distances r, r,, ..... r_from

T PR q, respectively is given by the
principle of superposition of potentials as

V=V, +Va+...+V,
= I l:_L_'_CIz_'_ +‘l]

4n g, I Ty

zq;

4“ e & -(2.27.1)
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Eqgn. (2.27.1) is written for a continuous
distribution of charge by replacing the sum by
an integral as

I
V=[dv= = 4 (2.27.2)

where dq is a differential element of the charge
distribution and r is the distance of the point at
which the potential V is to be calculated from
the charge distribution.

If the charge is distributed linearly, this
L e
dne, ¥ 1

eqn. (2.27.2) takes the form V =

where }_is the charge per unit length or linear
density of charge and d¢ is the small element
of length. For surface and volume distribution
of charges the eqn. (2.27.2) takes form
respectively as '

g r

1 o
V-4TEE 1 I °

0 surface

| pdv
Y= : =
g 4n € ‘[ 1

0 valume

where ¢ and p are surface and volume charge
densities, ds and dv are small elements of surface
and volume respectively.

If the potential is to be calculated by a set
of point charges and by volume, surface and
line charge distributions, then using the principle
of superposition, we can write

Z"‘]_'_L‘“ 4n € I ﬂfi*_

4“ Eo O volume

fuee

O gurface’

s

(2.27.3)

41te 41:6
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2.28 Electrostatic potential due to an electric
dipole :

i) Au; point in the end on position :

Consider AB an electric dipole consisting
of two charges -q and +q at A and B

respectively seperated by a distance 2(. Let P
be a point on the dipole axis at a distance r from
the mid point 'O' of the dipole. Using the
principle of superposition of potentials leading

" toeqn. (2.27.1), for the dipale, the potential

-D +q P
A O B
e e
————— [ mme—p
d—-(l‘ =1 jo—
- (r+10) .
Fig. 2.20

at P in the end on position is

Z_L

=1 rl

=;[i+1
dne [r—( r+(
A ek 2q(

4ne°.(r2—f‘?)

P

41:5‘,

_ 1 P
dne, (r*-(%)
where P = 2q( is the magnitude of the dipole

(2.28.1)

moment. For'a dipole { < <r, (* can be
neglected in comparision with r* and the eqn.
(2.28.1) reduces 1o

| Y
dne, r’
ii) Ata point in the broad side on position

Vo =

-+(2.28.2)

Cofrsider-a--poinl Q, on the perpendicular
bisector of the dipole, at a distance r from the
mid point O of the dipole. The potential at Q
(broad side on position of the dipole) is



Electric Field and Potential

D e

 Fig.221

VQ*= l [ k| + 4 :|...0
ree i e

Electrostatic potential at any point on the
perpendicular bisector of electric dipole is zero.

iii) At any point due to an electric dipole

Let R be any point at a distance r from
the mid point 'O’ of the dipole. Let OR make an
angle @ with dipole axis. The potential at R
due to the dipole ‘(fig. 2.22) is

weseldod
R”4ne [BR AR

R

+q

Let BD and AC be perpendiculars drawn
respectively from B and A on RO and extended

RO. Then OC=0D = (cos @ sincer>> {,
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BR=DR=(r- L cos )and AR=CR=(r+ (
cos )

Hence V, = : |: d = ol
4ne, | r—Lcos® r+LlcosB

Y 2qlcosO
4n e, r’-(*cos’O

1 Pcos B
= LT 2 3 2
4n e, r"—("cos 0 ikt

8.3)

.+ f<<r, (2cos2@ can be neglected in
comparision with .

1 PcosH
———

= dn e, ) .-(2.28.4)

Vi
a) Potential at a point on the dipole axis is
obtained by putting 6 =0 in eqn. (2.28.3)

w, i
dne, -1

Vi

which is same as eqn. (2.28.1)

b) Potential due to dipole at a point on the
dipole equator is obtained by putting 6 = 90°
ineqn. (2.28.3)

V=0
2.29 Conductor, Insulator and Dielectrics :

Any piece of matter of moderate size
contains a large numbers of atoms or molecules.
Each atom consists of a positively charged
nucleus and several electrons revolve around
it. In gases, the atoms or molecules almost do
not interact with each other. But in case solids
and liquids, the interaction is comparatively
stronger. It turns out that the materials may be
broadly divided into conductor, insulator and
semiconductor. However we shall briefly
discuss about conductors and insulators and
leave the discussion on simiconductors to
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chapter-19,
2.29.1 Conductors :

In case of conductors the outer electrons
of each atomi or molecule are very weakly
bound to it. These electrons are almost free (so
called free electrons) to move throughout the
material, but cannot leave the material. These
free electrons are also called conduction
electrons but they carry the charge. When such
amaterial is placed in an electric field, the free
electrons move in a direction opposite to the
field. In case of electrolvtic conductors, the
charge carries are both positive and negative
ions. But their motion is affected by external
field as well as by chemical forces.

"The following characteristics are
associated with a metallic conductor.

1. The net electrostatic field inside a
conductor is zero.

The free electrons move randomly inside
a conductor, so the net electrostatic field is zero
inside a conductor.

2. The electrostatic field must be normal
to the surface of a conductor.

If electrostatic field were not normal to
the surface, it would have some non-zero
components along the surface. This will force
electrons to move on the surface and this will
constitute a current. But this does not happen.
3. Electrostatic potential is constant
throughout the volume of the conductor and
has same value on its surface,

4.  Electrostatic field on the surface of a

T 2
charged conductor is E= ‘8:”
5. If a conductor is connected to the

earth, the potential of the conductor becomes
~ equal to that of earth i.e., zero; charges will
either move to the earth or from earth to the
conductor.
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2.29.2 Insulators:

Materials in which there are no free
electrons are called insulators. When such a
material is placed in an electric field, the electrons
may slightly shift opposite to the field but cannot
leave their parent atoms or molecules. Such
materials are also called dielectrics.

2.29.3 Dielectrics:

There are no free electrons in a dielectric
material. The monatomic materials are made of
atoms. Each atom consists of a positively
charged nucleus surrounded by revolving
electrons. In general, the centre of the positive
charges coincides with the centre of the negative
charges. Polyatomic materials are made of
molecules. the centre of negative charge
distribution may or may not coincide with the
centre of positive charge distribution. If these
charge centres do not coincide, then each
molecule possesses a permanent dipole moment

p - Such materials are called polar materials (Ex.
HCI, H,O see fig. 2.29.1),

Fig.2.29.1

However due to thermal agitation the
dipole moments of different molecules are
randomly oriented leading to zero net dipole
moment. If such a material is placed in an
electric field the individual dipoles experience
torque due to the field and try to align themselves
along electric field direction. Due to the
interplayof thermal agitation and torque due to
electric field there is a partial alignment. As a
result we obtain a net dipole moment in any
volume of the material (see fig. 2.29.2(a)).
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Fig. 2.29.2

In case of non-polar materials (Ex. H,, CO,),
the centre of positive charge distribution in an
atom or a molecule coinsides with the centre of
negative charge distribution as shown in
fig.2.29.3. Such atoms or molecules do not
possess any permanent dipole moment. when
such a material is placed in an electric field, the

Fig. 2.29.3

electric charge distribution is slightly shifted
opposite to the electric field. This induces dipole
moment in each atom or molecule and thus we
get a dipole moment in any volume of the
material (see fig. 2.29.4).

- - e — - e ——
E=n Esn
f * - ok - |
o
12 = .
: |
3 =¥ =4 -3
¥ -4
gz LRI N Bt n-k'l‘.-;-ﬂ__
Fig.2.29.4

From the abgve discussion and figures we find
that the interior is still charge free but the left
surface of the slab gets negative charge and the
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right surface gets positive charge. This situation
may be seen in fig. 2.29.5 below. This charge
is called induced charge. As the induced charge
appears due to shift in the electrons bound to

=

+ 4+ 4 %+

Fig.2.29.5
the nuclei, this charge is also call bound charge.
Thus, the above discussion shows that
whenever a dielectric is placed in an electric
field, dipole moment appears in any volume
within it. This phenomenon of development
of dipole moment in any volume of the
material of a dielectric when the dielectric is
placed in an external electric field is known

as polarisation. The polarisation vector p is

defined as dipole moment per unit volume.
Now considering a rectangular slab as shown

above we find

p=lopAl _op(4l)
Al Al

=oP —(229.1)

or  ep=Pn --(2.29.2)

Where ,, is a unit vector along the outward

drawn normal to the surface. For the slab
P isalong ;, at the right surface and opposite

to , at the left surface,

Although we have deduced this for a
rectangular slab but this relult is true in general.
Thus the induced surface charge density o, is
numerically equal to the polarisation P. For
linear isetropic dielectrics

P=P=c, X E=¢, X.E.
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Dielectric constant:
i1 -?-1 ™ ——p
= = ?,4—-- ) —

Ey o ¥ b
— I
e 1l 1'0 | ——
- 1 —
Fig.2.29.6

Because of the induced charge, an extra electric
field £,is developed inside the dielectric

material. If £, be the external electric field, then
the resultant electric field inside the dielectric is

F = Eo + E» - For homogeneous and isotropic
dielectrics the field £, and £, are oppositely
directed but the resultant electric field z is in
the direction of £, with a reduced magnitude.

Wecanput E=Fo+Ep  —(2.29.3)

_oP _P -
But £, =—=—"";Butas £, is opposite to
€ S

— =
i,'so Er ="'"E:

Givign E=Eo-—-=>¢, E+P=<, Ex o0

0

Defining D =€, E + P =€, Eo

We get Cj(eu E+P)ds=de, Eods

From Gauss theorem O, = Cfeolf.;;f;‘- Hence
qﬁﬂé =‘Q;m

And D=¢, E+P=¢, E+EX.E

=, (1+X)E=eE ——(2.29.6)
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Where ¢ is called dielectric constant or relative
permittivity of the dielectric and J; is called the
displacement vector.

2.30 Potential of a charged conductor
i)  Charged spherical conductor

Charge given to a spherical conductor
gets uniformly distributed throughout the
surface of the counductor. Charges stay only
on its surface. As there is no charge within the
conductor, according to Gauss law, the electric
field within the conductor is zero. Since

E= —-% =0, AV =0. Hence entire volume
of the conductor behaves as an equipotential
volume having the potential

v=—2
4ne, R

.(2.29.1)

where q is the charge on the conductor and it is
considered to be concentrated at its centre for
calculation of potential on its surface and outside
the surface.

Potential at any point outside the charged
spherical conductor at a distance r> R from its
centre is

v q

o &r il 2idD.2)

Electric field intensity due to a charged
spherical conductor

1. at an internal point is 0
2. on the surface of the conductor

3. at an external point E = q/4ne R’

q
E=
dne

wherer >R
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ii) Charged irregular conductor

Equipotential surfaces (dotted lines) and lines
of force (solid lines) of a charged conductor
of irregular shape.

Fig. 2.23

Fig. (2.23) is an irregular conductor with
a positive charge. Dotted lines indicate
equipotential lines and solid lines indicate lines
of force. From the study of these lines and other
established facts we can arrive at the following
coiclusions :

1. Charges stay only on its surface.

2. Charges are not uniformly distributed on
its surface. '

3. Thereisa greater surface density of charge
in the region of larger curvature (at A,B
and D) lower surface density of charges
at smaller curvature (at C and E).

4.  Electric field intensity inside the conductor
is zero.

5. Electric potential throughout the volume
of the conductor remains same creating
an equipotential volume.

2.31 Electric potential energy of a group of
point charges :

The electric potential energy of a group
of point charges is defined as the work done in
assembling the group from the situation when
they were at infinite distances from each other
(i.e. their initial electrical potential energy is zero
as there is no interaction between them)

R L D Ed
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i) Electric potential energy of a system
consisting of two point charges :
Consider a point charge q, situated at A

and another point charge q, brought from

infinity to the point B in the electric field of q,.

The work done (by an external agent) in doing

so is equal to the potential energy of the two

point charges.
Let P be the instantaneous position of (.

at a distance x from the point A (fig. 2.24).

q, d> Q P
A B
PEEEE S, "dx".
- X -
Fig.2.24
Coulomb force on g, dut to g, is
‘ 1 qq,
F= s
dne, x*

Work done for an instantaneous displacement
dx of the charge g, from the point P to Q is

dW = F.dx
= Fdx cos0°
= Fdx

I q,q,dx

dne, x°

The negative sign in the above eqn. is due
to the fact that external force applied by the
agent is equal and opposite to the electrical force.

Total work done in displacing the charge
from infinity to the point B which is at a distance
r from A is obtained by integrating the above
expression.

T:l“’ x j»_ 1 .qlq:dx
AR Emn ek



48
tod
oo W =-d92 [
4x e, X’

v = ..(2.30.1)

The above equation is derived by
assuming that one of the charges is fixed and
the other is brought from infinity. Without
changing its kinetic energy. According to work-
energy principle, work done by the agent is
equal to change in the potential energy of the
system, i.e.

W = U(r)-U(w)
= U(r)

Where U(r) is the potential energy of the
two charges q, and q, when they are separated
by a distance r. U(0) is their p_ot_ential energy
when they are at infinite separation and it is equal
to zero., .

1 9.9
ane; . F

w W=U(r)=

g5 ! ..(2.30.2)
" The potntial energy dependsonly upon
the separation between the charges and is
independent of the spatial“location of the
charges. '
~ Eqgn. (2.30.2) gives the electric potential
energy of a pair of charges. If there aré'three
charges q,, q; and g, one. has ta take into
account of three different pairs of charges as
givenbelow: . 1.
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ii)  Potential energy of a system consisting
of three charges :

Let the system consisting of three charges
q,» G, and q, be situated as shown in the fig.
2.25.

q;

q, 4,

Fig. 2.25

Potential energy of a pair of charges q, and q,
is

Similarly due to other two pairs of charges, the
potential energies are

4293
Uy =—=""—
5 4n €, Iy

and Uy =—3
dn e, 1y,

‘Total potential energy of the system
consisting of three charges is

U=U,+U,+U;,

g - [q.qz L9295, 939, ]
dne, | T s 1]

N -(2.30.3)

iii)  If the system consists of n number of

nin-1)
2

nin-1)
2

point charges, one has to consider

different pairs of charges to give
| =i 058

potential energy terms like egn. (2.30.2).
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2.32 Relation between electric field intensity
and potential gradiant :

Electric potential gradient %‘ri is the rate

of change of potential with distance along a line
of force. Its SI unit is volt per meter. There is a
direct relationship between electric field
intensity and potential gradient.

Consider two points a and b which are
seperated by an infinitesimal distance dron a

B

Fig. 2. 26

line of force AB in an electric field (fig. 2.26).
The field is considered to be uniform over the
small distance dr. If a test charge +q,, is moved
from a to b, work is done by the field on the

charge.
Work done by the field is given by

= qt‘lﬁ‘a;

The change in potential is the negative of
the work done by the field per! unit charge during
the displacement.

In terms of change in potential is

—dW _
Ao

dv = —E.dr

@231
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or dV=-EdrcosB ..(2.31.2)

where @ is the angle between the direction of
electric field and dr.

—i\i= E cos9
dr

.(2313)
If the test charge + g, is moved along the
line of force i.e. in the direction of electric field,

0 =0° and electric field intesity

- R o\
dr

Eqn. (2.31.4) states an important
relationship. The electric field intensity at a point
in an electric field is equal to the negative of the
potential gradient_of the field at that point.
Further the electric field is in the direction in
which potential decreases at the maximum rate.

(2.31.4)

Rate of change of potential in any
direction other than that of electric field is

ﬂ=-E cosO
dr

' dv
or Ecosf@=——
o dr

Hence the component of electric field
intensity in any given direction is equal to the
negative of the rate of change of potential in
that direction.

If 9=90°,dV=0

Hence potential does not vary in a
direction perpendicular to the electric field and
vice versa i.e. ¢lectric lines of force and

_equipotential hmmwrsectatnghtmglﬁtonch

other. _
. Let us write eqn. (2.31.1) in carteman

. compqnem form:

dV--(:E 4 JEy +kE )(1dx+_|dy+kdz)

= (Eydx+Eydy+E,dz) ~“"5(231.5)
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Taking partial derivative of both sides of the
above eqn. (2.31.5) with respect to x, we have

alp
ox
ov
or Ex = _a
oV
similarly E, =—— ...(2.31.6)
Y oy
oV
and gt
E, oz
E=—(ig+i2+kg) (231.7)

If V =f(x,y,z), eqn. (2.31.7) can be used to
calculate electric field intensity at a point.

Example 2.31.1 Two large metal plates are
kept parallel to each other at a seperation of 6
mm. The potential of one is maintained at 90 V
above the other. What is the potential gradient
between the plates. What is the force
experienced by an a - particle kept between the
plates.

Solution :

AV=90V> Ar=6x10">m

=15><103Wm

Potential t‘i -
ential gradien: & it

Electric field between the plates is uniform and

E=——
dr

Hence magnitude of electric field intensity is
15103V /m and its directian,is towards the

plate at lower potential.
Force on « - particle is
F=Eq
=15x10% x2x16x10712""
=48 lO"“'N dercinb

- Direction of the forcc is lowards tﬁe plhte at
lower potential '
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Example 2.31.2 A region is specified by the
potential function V = (x2 +2y? —-323] volt .

Calculate electric field strength at a point (3,2,1)
m in this region.

Solution :
E=—(i%+j,y+kﬁ)(x +2y* -32%)

=—(2x i+4y:i-6212)
Atx=3,y=22=1,

E=—(6i+8])-6 k) vol/m
2.33 Eqnipotential lines and surfaces :

Equipotential lines and surfaces drawn
graphically in an electric field, show how the
potential varies in a region.

a)  Equipotential lines :

An equipotential line is a line (curve) in
an electric field so drawn that all the points on
the line (curve) are at the same potential.

Characteristics of equipotential lines

i)  The potential difference between
any two points of an equipotential
line is zero. Hence no electrical
work is done if a charge is
displaced fromi one point to another
on the same equipotential line.

i)  Equipotential lines and the lines of
force always intersect at right
angles to each other. Thus, if the
lines of force are drawn,
equipolential lines can immediately
be constructed and vice versa.

i)~ Two different equipotential lines

- cannot intersect. If they intersect, at

the point of intersection, there will

.+ be two values of potential which is
Legtye. MOLpossible.
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b)  Egquipotential surfaces :

An equipotential surface is a surface that
is drawn through the points which are at the
same potential. Surface of a charged conductor
with charges at rest is an equipotential surface.
If there were a potential difference between
points on the surface, charges would move
along the surface which is contrary to our
assumption of electrostatic condition.

The shape of an equipotential surface
due to a charge depends on its distribution
and the medium in which equipotential
surfaces are drawn. A regular equipotential
surface due to a charge distribution in an
isotropic medium becomes irregular in an
anisotropic medium as the potential due to a
charge is inversely proportional to dielectric
constant of the medium.

The equipotential surfaces around a
point charge in an isotropic medium,, are a
series of concentric spheres with the charge
at the centre.

Fig (2.27) shows equipotential surfaces (solid
lines) and electric lines of force (broken lines)
due to a point positive charge +q. It is a
convention to draw equipotential surfaces in
such a way that the difference of potential
between any two adjacent surfaces is same.

When two electric fields are superposed
due to two charge distributions, the resulting
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equipotential surfaces are drawn by determining
the potential at various points using the principle
of superposition of potentials. Fig (2.28) shows
equipotential lines (solid lines) and lines of force
(broken lines) on a plane surface due to two
charges of equal magnitude and opposite sign
whereas fig (2.29) for two equal positive

Fig. 2.28 Fig. 2.29
Characteristics of equipotential surfaces :

i) No electrical work is done in
displacing a charge fromone point
to another on the same
equipotential surface. However, a
work is done in displacing acharge
from one equipotential surface to
another but the work is independent
of path in which the charge is
moved.

i)  Equipotential surfaces and lines of
force intersect at right angles to each
other.

iii) Two different equipotential
surfaces cannot intersect.

iv)  Equipotential surfaces are crowded
in the region of strong field and
widely seperated in the region of
weak field.

SUMMARY

1) Electric field : It is a region of three
dimensionl space surrounding a charge in
which its electrical influence can be feit.

2)  Electricfield intensity ( E ) : Electric field
given (both in magni tude and direction)
by the force experienced by a unit
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3)

4)

positive charge placed at that point.

Electric field intensity at any point due
to a point charge :

| S__‘._
4n g, r

E(7)=

Electric line of force : It is a continuous
curve in an electric field, the tangent to it
at any point gives the direction of electric
field at that point. Number of electric lines

- of force per unit normal area at a point

gives the electric field intensity at that
point.

Electric dipole : Two equal and opposite
charges seperated by a small distance
constitute an electric dipole.

Dipole moment ( P ) : Itis the product of
magnitude of one of its charges and
distance between them. Its direction is
from its negative charge to positive charge
and its unit is Cm.

P=2qf

‘Electric field due to a dipole :

i) At end on position is

= 1 2P
E, = T_ 7242
dne, (r"=L7)

For a far field

-

A
EI‘

4n €, T
ii) At broad-side on position is

ol (-P)
Q7 4n e‘:,(rz+<“.”‘!)’5

For a far field

1 (-P)

4n €, r

EQF

9.

10.

11.

12.

13.

14.
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Torque experienced by an electric dipole
in a uniform electric field is

T=PEsinf

T=PxE

Work done in rotating an electric dipole
in a uniform electric field through an
angle g from equilibrium position is
w = PE(l —cos0)

Electric potential energy of adipole inan
electric fieldis = -P.E-

Gauss theorem : It states that the electric
flux through any closed surface is equal
to the net charge q enclosed by the surface

devided by €,.

Mathematically }Edgzien

Electric field at a point at a distance r from
a linear distribution of charge of linear

charge density ), 1s

E= 4
2nE,

Electric field due to an infinite plane sheet
of charge

8]

E=—
2g,

where o is the surface charge density.

Electric field due to a uniformly charged
plane lamina is

L E:r-o;
S

15, - Electrio,field inside a parallel plate

capacitoris
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16.

17.

18.

19;

20.
21.

22.

Electric field is conservative in nature
because work done in taking a charge
from one point to another in an electric
field is independent of its path.

Electrostatic potential energy of a charge
at a point in an electric field is defined as
the work done in displacing the charge
from infinity to that point.

r

Mathematically U(r) = ~q[ E.df

@m

Potential at a point is defined as the work
done in bringing a unit charge from
infinity to that point.

V(r)=-[ E.df

8 —=

Potential difference between two points
in an electric field is the work done per
unit charge to take it from one point to
the other.

B. .
AV:VB-VA =—_! E.Cﬁ
A

1 stat volt =300 volt =3.0x 10" ab—volt

Potential due to a point charge

i) V= L 4 in S.1. system
4ne, T

i) v=%in cgs (esu) system
r

Potential at a point due 10 a system'of n

23.

26.

27.

28.

29.
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point charges is,

Potential due to an electric dipole

i) at a point P on its axis is

= P
dne, (=0

Ve
ii)  atapoint Q in the equatorial line
V=0

iii)  ata general point R is

V= 1 . Pc?sB
dne, r
Potential energy due to

i)  twocharges q, and g, at a distance
of sperationris

ur)=._‘!.._.‘ql_q3.
4ne, T

ii)  agroup of charges is

. [q,qz 4 90 +]

dne,| 1, I

Electric field intensity and potential
gradient are related by

E=-—
dr

Potential at every point on an
equipotential line and equipotential
surface is same.

No two equipotential lines intersect.
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30. Equipotential lines and electric lines of
force intersect at right angles to each other.
SOLVED NUMERICAL EXAMPLES

1.  Theelectric force experienced by a charge
of 1.0x 10°Cis 1.5x 107 N. Find the
magnitude of electric field intensity at the
position of charge.

Solution :
Givenq=10x 10°C,F=1.5x 10°N

, \ F 15x107

Electric fieldintensity E= —= ———+
q 10x10

=I5N/C

1

Two charges + 2pc and —4pc are held
fixed at a separation of 20 cm. Locate the
point where the electric field intensity due
to these two charges is zero,

Solution :

Electric field ata point due to two charges
can be zero only on the line joining the
two charges. If the two charges are
opposite in nature, the electric field can
never be zero within two charges. The
required point must be outside the line
jnining the two charges nearer to smaller

charge.
p A B
e et —411*3

+2Uc

t=——20cm -
Fig. 2.14

Let P be a point at a distance x from a
smaller charge 2uc at A as shown in the
fig. 2.14.

EA-i-EB =0

Bureau's Higher Secondary Physics

L U
dne x’ 4ne, (02+x)

2x107% —4x107°
X (0.2+4x)

or  (02+x)% =2x2

02+x=42x
x(V2-1)=02
x=0.483 m

Field intensity is zero at a distance 48.3
cm from A on the line BA extended.

3.  The metallic bob of a simple pendulum
(hanged from a rigid support) has a mass
80 mg and carries a charge 2 x 10* C. It
is at rest in a uniform horizontal electric
field of 2 x 10* N/C. Find the tension in

the string (g = 10 ms™)
Solution :

Fig. 2.15

Given : mass m= 80 x 10 kg

q=2x108C,E=2x 10°N/C

TensionT=7?
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For equilibrium of the bob,
TcosB =mg
Tsin8 = Eq

T=y(mg)* +(Eq)*

=/(80x107° x10)* + (2 x10* x2x107%)?

=107*J/64+16
=45 x107*N = 4045 dyne.

4. Acharge of 5.31 x 107 C s placed at the

centre of an imaginary cube. Find the
electric flux passing through one of its faces.

Solution :
Given:q=5.31x 107 C

€, =885x 102 C*m? N
‘According to Gauss's law, electric flux

through any closed surface @ = Since
S

the cube has 6 faces of equal area, flux
through one of its faces is

-9
e
_ 531x1078
6x885x10712

=10*Nm?*c™!
5. Two point charges 10x107*C and

~10x107'2C are placed along_the x-
axis at x = 3 cm and x = -3 cm
respectively. Find electric field intensity
ata point (0,4 cm). '

Solution :

Electric field intensity at a point on
broadside on position of the dipole is

55

E P
Q 4 € (rZ +(2 )31’2

Q 2q(
4n e, (r* + %)V

X 0 x lﬂg :<2)<l(1'_'2 x3x10_2
(0,042 +0.03%)¥2

i 9x6x107°
125x10°°

=432N/C

6. A rod of length £ has a charge q
distributed uniformly along its length. It
is bent in the shape of a semicircle. Find
the field strength at the centre of curvature
of the semicircle.

Solu_tion :

Consider two elements each of length d (
such that they are symmetrically situated
on either side of the mid point C of the
q

semicirle. Charge per unit length is ;-

dEsin®

dEcos

dE
df dEsin6

. Fig.2.16

F\I.ﬁ

Charge on the element d( is — d¢

Radius of the semicircle, r= %
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Electric field due to charge on one element
dlis

1 qdf
Tdne, (P

Let us resolve dE into two component dE
cos 0 and dE sin 6. dE sin © components

due totwoelements d ¢ andd { on either
side of the point C cancel each other
while only dE cos 6 component remains.
We can argue for all such elements
throughout the semicircle.

Hence electric field strength due to entire
charge on the semicircle is

= [dEcos®

_ 1 "j rd0 cos
4n €, f_m 1

(- d{ =1dO)
] n/2

= —s 6
411:6“ [ in ];,'z
_1 2
‘41't60-f>(-£-

-9

2¢ (*

7.  Find a point, on the axis of a uniformly
charged ring of radius r, at which electric
field intensity is maximum.

Solution :
T P T .
=T +~dE cos 0 9
] v dE
dEsin©

Bureau's Higher Secondary Physics

Proceeding as in above example 6, we
can show that only cosg component of
electric field exists. Electric field due to

small elementd € is

dE =dEcos©

g adl
4n g, '(xz +r2)

.cosB

where A is the charge per unit length. X
is the distance of the point P from the
centre of the ring. Electric field at the point
P due to entire charge on the ring is

AcosB Id{,

4ne (x*+r1%) o

- 1 A2nr X
dne, (x*+17) (x2+r)"?

we note here that, at the centre of the
uniformly charged ring, the electric field
iszero (:,x=0)

Condition for maximum electric field at a

point on the axisis, —— =0

dx
, - A2 | 3 xx2x
Le. AN S =0
dne | (x“+1)"" 2(x +r)""
THSE 1 [y 3x2
(xz _H.2)3/2 (x2 +r2)5,"2
or xz +r2

or x2=r2/2

or x=r/ﬁ

A hollow spherical conductor of radius
1.0 m has a charge of 0.025 pC. Find

electric potential at a point at a distance
0.5 m from its centre.
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Solution :

Potential at any point inside the charged
spherical conductor is same and equal to
that on its surface.

VvV

=4n2,,R where R=1.0m,q=
' 2.5x10*C

_9x10%x25x1078
1

=225V

9. A hollow metal sphere has a radius r. If
the potential difference between its surface
and a point at a distance 3r from its centre
is V, find electric field intensity at a
distance 3r from its centre.

Solution :
Let q be the charge on the metal sphere.

9 fn.iley
47‘!En{r .1r}
Vx4 3
o q= x Tteu)( : 1
2
E= q ’___3er l’=l/_
dne, (3ry 2 9 Ir

10.  An electron starts from rest from a point
on one conductor and reaches a second
conductor with a velocity of 107 ms™.
Calculate the potential difference between
the conductors. [neglect the relativistic

effect of mass of the electron. m_ =
9.1x10*" kg, e = 1.6 x 10" coul ]

Solution :

Kinetic energy acquired by an electron
in a potential difference of V volt is

1 2
—-m3- =eV
2 €

2
or V= m9
2e

_91x107*! x 10"
2x16x1071°

= 284.4 volt

11. An electron is projected with a velocity
of 107 ms ' along a uniform electric field
of intensity 900 Nc™'. Find what distance
it will travel before coming to momentary
rest 2

Solution :

Work done = F.S. =¢E.S = gms2

_91x107 x10"
2x16x10712 %910

=0.3125 m.

12. ABCD is a square measuring 0.2m on
each side. Positive charges of 2x 10°C,
4 x 10° C and 8 x 10 C are placed at
the points A, B and C respectively.
Calculate work done to transfer one
coulomb of charge from the point D to

the centre of the square.

A28107°C B

4x107°C
‘0

8x10°C

IC .f) , ==,

S0 2mem—p
Fig. 2.30
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Solution : . Work done = AV.q
According the the principle of =313.56x 1 =313.56]
superposition of potentials, the potential 13 A alectric field E-(i+ 33)NC" |

atDis E5TN )
exists in free space. Find the potential

Vp = *__I_[q_A + 38 Q_C] difference between the origin and the
dxe,l r 2 -t point P (2m, 2m),

2x10”° 4x10”° 8x10”° Solution :
=9x10’ - + RS
1 [ 02 0242 02

. : T e |
=9[10+1042 +40] Electricfield E = (2i +3)NC
=577.26 V Displacement A7 = (2 +2j)m
Potential at the centre 'O’ of the square Potantial diffiesnce

1 [2x10” 4x10” 8x10” £
Vy= =-E.
a 4ﬂe°|:0.lxﬁ+0.lxﬁ+0.ix\f2_] /Y EAI" T cr o' S
= —(2i +3)).(21 +2)
= 9[10v2 + 2072 + 4042]
=—(4+6)
=9x 7042 =89082V Vi~V = ~10V

Potential difference AV =V, —Vp

=313.56 V or  Vy=Vp=10V
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C

MODEL QUESTIONS

)

[

Multiple Choice Type Questions :

To measure electric field at a point due to
a positive charge, a positive test charge
q, is put at the point. The measured
electric field is

u) > _.F_: b) _ i
Yo (o

¢) <— d) >or< : i)
Jo Yo

An electric field can deflect
b) a proton
d) all the above

The electric field intensity at the surface
of a charged conductor is

a) anelectron

¢) an o -particle

a) zero

b) directed normally to the surface
c) directed tangentialy to the surface
d) directed at an angle to the surface

If the electric field is uniform, then electric
lines of force are

b) convergent

d) parallel

The electric lines of force due to an
isolated negative charge is

a) divergent

¢) circular

b) convergent

d) parallel
An electric line of force in x-y plane is
givenbyeqn. x? + y2 = 4. A positively

charged particle is set freeatx=2,y=0
in the x-y plane. The particle will

a) divergent

¢) circular

4) not move at all

b) move initially in a straight line

7.

10.

¢) move in a circular path

d) move firstin a straight line then in
acircular path.

Six charges +q each are placed at the
corners of a regular hexagon of each side
a. The electric field at the centre of the

hexagon is
I g
a) zero b) =5
dn e, a”
SO Ny L2
dne, a” dne, a°

A charge q is placed at the centre of an
imaginary cubical body. Electric flux
through any one of its faces is

0 - by 4
(= y
Sa e L

< 6&, 2 3¢,

An electric dipole is placed at the origin
parallel to x-axis. The angle made by the
electric field with the x-axis at a point
whose position vector makes an angle 60°
with the x-axis is

a) 60° b) 30°

c) 0% d) 90°

Electric field intensity at a point varies as
r - for

a) apoint charge

b) an electric dipole

¢) aline charge of infinite length

d) a plane infinite sheet of charge.
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11.

12

13.

14.

At the mid point of an electric dipole

a) electric field is zero

5 e
e £ SN
b) electric potential is zero
¢) both electric field and potential are
zero.

d) both electric field and potential are not
zero.

The electric potential at a point distant r
from an electric dipole is proportional to

l

1 |
a) : b):z"'

wn

*+3q

l . f
c) — dr

I.3
The potential of a charged spherical
conductor of radius r is 10 V. The

potential at a point r/ 2 from its centre is
a) 20V b) 0
c) 10V d) 40V

The electric field intensity on the surface
of a charged spherical conductor of
radius ris E. Its value at a point r/ 2 from

15.

16.

17.

18.

19.

¢) 1 meV
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its centre is
a) 4E b) E
c) 2E d) 0

A hollow spherical conductor of radius
2m carries a charge of 1 nc. The electric
potential at the centre of the spherical
conductor is

a) 0 b)45V
c) L5V d) 225 V*

Proton has a mass of 1840 times that of
an electron. If a proton is accelerated from
rest by a p.d. of | volt, its kinetic energy
is

a) 1840 eV b) 1 eV
d) 0

A cloud is at a potential of 8 x 10° volts
relative to the ground. A charge of 40 C
is transfered in a lightning stroke between
the cloud and the ground. The energy
dissipated is

a) 5x10°°71 b)3.2x107J

¢) 3.8x10%J d)32x10%)

The electric potential v as a function of
distance x (in meter) is given by

V=(2x 2 4 5x - 9)volt

The value of electric field at x‘= Im

would be
a) 9Vim 'b) -9V/m
¢) -7Vim d) -2V/m

Charges of %-x 10~? coul are placed at

each of the four corners of a square of
sides 8 cm each. The potential at the
intersection of its two diagonals is

a)900_J2_
c) 150\/5

b) 900 volt
d) 1500 v2 volt



Electric Field and Potential

20.

10.

11
12,

When a charge of 3 Coul is placed in a
uniform electric field it experiences a
force of 3000 N. The potential difference
between two points separated by a
distance of 1 cm within this field is

a) 10 volt b) 90 volt
¢) 1000 volt d) 3000 volt

Very Short Answer Type Questions :

Define electric field.

State whether a charge is affected by its
own field.

What do you understand by electric field?
[CHSE 98 A]

An electric dipole is encolsed within a
Gaussian surface, What is the electric flux
through that surface ?

What do you mean by Gaussian surface?

How does the electric field at a point due

to an electric dipole depend on the

distance of the point from the dipole ?
[CHSE 98 A]

What is the electric field at the centre of
an equilateral triangle if three identical
charges each of charge q are fixed at the
three corners of the triangle ?

What is the angle between the directions
of electric field strength and dipole
moment at any point in (i) end on position
and (ii) broad-side on position.

In a non-uniform electric field, a dipole
experiences atorque and a net force. True
or false ?

What are the diemensions of (i) dielectric
constant and (ii) permittivity ?
What do you mean by a test charge ?

What i the work done by the electric field
of a nucleus for a complete rotation of the

13.

14.

15.

16.

17.

18.

19.

21.

22,

23.

24.
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electron in circular orbit ? What if the orbit
is elliptical.

What is the S.1I. unit of line integral of an
electric field 7

What is the relation between electric field
intensity and potential gradient ?
- [CHSE 92 A]

Write the relation between Joule, Volt and
Coulomb.

What is the angle between an
equipotential line and an electric line of
force at the point of intersection in an
electric field.

[CHSE 87 S]

Express volt in watt and ampere.
[CHSE 89 S]

A charge of 15 coulomb is sent through
an electric lamp when the difference of
potential is 120 volt. How much of

energy is expended. [CHSE 99 A]
Define potential at a point in an electric
field. [CHSE 97 S]

Will any work be done in moving an

electric charge q over the surface of an

isolated charged metallic conductor ?
[CHSE 96 S]

What is the electric potential at any point
on the dipole equator ?

A sphere of radius 60 cm is charged to a
potential of 1500 V. Calculate the charge
on the sphere.

[CHSE 99 Instant]

A point charge is taken from a point A to
a point B in an electric field. Does the
electric field depend on the path of the
charge ?

What is the potential energy of two
protons kept at a distance of 0.5 m.

Name of the physical guantity whose S.1
unit is JC'. Is it a scalar or a vector

 quantity ? [CBSE 2003, 2010, 2000C]
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26.

27.

28.

29.

10.
11.

Draw lines of force to represent a uniform
electric field. [CBSE 1995]

Whych physical quantity has unit NC'?
Is it a vector or scalar quantity ?

[CBSE 2002C]
What is an equipotential surface ?
[CBSE 2003]

How much work is done in moving a 500
uC charge between two points on an
equipotential surface ? - [CBSE 2002]

Short Answer Type Questions :

Define electric field intensity. Is it a scalar
or vector ? What is its S.I. Unit ?

Define electric lines of force and state their
important properties.

Why do two electric lines of force not
intersect each other ? [CHSE 99 A]

What is an electric dipole ? What is electric
dipole moment ? Define an ideal dipole.

What is SI unit of electric dipole

" moment ?

With the help of a diagram, show the lines
of force due to an isolated (i) positive
charge and (ii) negative charge.

With the help of a diagram, show the lines
of force due to two equal and opposite
charges. -

What is the expression for torque on a
dipole placed in a uniform electric field ?

What is the minimum electrostatic
potential energy of an electric dipole of
moment p inauniform electric field .

State Gauss's law of electrostatics.

What is electrostatic sﬁie_lc_ii ng ? Give at
least ane practical application. .

12

13.

14,

15.

16.

17.
18.

19.

20.

21.
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[The electric field inside a charged
conductor is zero. This effect is called
electrostatic shielding. During a
thunderstorm accompanied by lightning,
it is safest to be inside a car, rather than
near a tree or open ground because the
interior field is zero, regardless of charge
imparted by lighting to the body of the
car.]

A charge is released in a uniform electric
field. Does it gain kinetic energy ? If so
what is the nature of the graph between
gain in kinetic energy versus time ?

What do you mean by electric flux ? What
isits unit ? How it is related to flux density ?

What is the electric field inside a charged
conductor ? Plot a graph between electric
field strength E and distance from centre
in case of a charged conducting sphere
of radius R.

A bird perches on a bare highpower line
but nothing happens to it, while a man
standing on the gorund suffers a shock
on touching the same line. Why?

What is the equipotential surface for the
following

. 1) asingle positive charge at the origin

i)  auniform electric field parallel to
Z-axis.
State the properties of equipotential lines.
[CHSE 96 S]
Convert 1 stat volt into volt.
[CHSE 96 S]
Draw in the same graph the curves
showing the variation of electric field and
potential due to a point charge with
distance. [CHSE 94 A]
Why do equipotential lines not intersect
each other?
Two conducting sphres of radius 1 cm
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22,

25.

26.
27.

28.

29.

30.

and 2cm are equally charged. What is the
ratio of their potentials ?
There are two conductring spheres of radii
r, and r,. Find (i) ratio of charges on them
if both of them are at the same potential
(i) ratio of potential if charge on them are
equal. [CHSE 2001]
Will a solid metal sphere hold a larger
charge than hollow sphere of same
diameter? Where does the charge reside
in each case ? [CHSE 99 A]
Is there any lower limit to produce an
electric potential at a point at a distance
of 1.0 meter from a charged particle ? If
so find the same.
The work done in carrying a charge of
5uC from a point A to B is 8 mJ. Find
the difference of potential between A
and B.
Consider the situation shown in the figure.
What are the signs of q, and q,/?
[CBSE 2002C}

Draw an equipotential surface for a
system of two charges q, -q separated by
adistancerinair.  [CBSE Al 2008]
An electrostatic field line cannot be
discontinuous. Why ? . [CBSE 2005]
Fig. below shows three point charges
+24, -q. and +3q. Two charge +2q and -
q are enclosed within a surface S. What
is electric flux due to this configuration
through the surface S ?

[CBSE Delhi 2010]
An electric dipole of dipole moment
20x10°¢ C.m is enclosed by a closed
surface. What is the net electric flux coming
out of this surface ? [CBSE 2005]
Numerical Problems :

Find electric field intensi ty' in which an

electron experiences a force equivalent to
its own weight. (m, = 9.1 x 10 kg) -

10.
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Three small spheres each carrying a
charge q are placed on the circumference
of acircle of radius r to form an equilateral
triangle. Find the electric field at the centre
of the circle.

Three charges each equal to 1pC are
placed at the three corners of a square of
side 1.0 m. Find electric field at the fourth
comer. ’

A charged particle of mass 5§ gm and
charge 1uC is in limiting equilibrium on
a horizontal table when a horizontal
electric field of 10* NC™! is applied. Find
the coefficient of friction between the table
and the particle (g=10ms™).

Find electric field intensity due to an electric
dipole of moment 16.9 x 107 Cm at a
distance of 12 cm from its centre on its
equator if the length of the dipole is 10cm.

A charge of 106.2 puC is placed at the
centre of a cube. Find electric flux
through one of its faces.

A charge of 300 uC experiences a force
of 3N when placed in a uniform electric
field. Find the potential difference
between two poinfs separated by a
distance of lem '

(a) along the electric line of force and
(b) perpendicular to the line of force.

Two metal plates have a potential
difference of 150 V and are 5 mm appart.
A charged particle of mass 1.96 x 10 **
kg is held in equilibrium between the

plates. Find the charge on the particle.

10" C of charge is distributed over two

concentric hollow spheres of radii 1 cm

and 2em such that surface densities of
charges are equal. Find the potential at

their common centre..
If 27 idential rain drops having identical

charges such that potential of each drop
is 2.0 volt combine to form a big drop,
what will be its potential.
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12.

Calculate the potential energy of a system
composed of four charges of 30 uC each
that are placed at the four corners of a
square of each side equal to 1.0 m.

Two charges SuC and -20 pC are kept
1.0 m apart. Find the point in between
these two charges where potential is zero.

13 (i) Two point charges 4Q and Q are

14,

15.

16.

separated by a distance Im in air. At what
point on the line joining the charges is the
electric field intensity zero ? (ii) Also
calculate the electrostatic potential energy

of the charge if Q=2x107¢C.
[CBSE Al 2008C]

Two point charges A and B of value
+5510° C and +3 » 10 C respectively
are kept 6 cm apart in air. Calculate the
work done when charge B is moved by
one cm towards charge A. [CBSE 2000]

A charge of 10 uCis given to a hollow
metallic sphere of radius 0.1 m. Find the
potential at (i) the outer surface of the

- snhere and (ii) the centre of the sphere.

[CBSE‘ 1999,1995]

Apomlcharge 17.7 pC is located at the
centre of the cube of side 0.03 m. Find

~ theelectric ﬂux through each face of the

cube. [CBSE 1997]
Long Answer Type Questions :

What do you mean by electric field ? Give
Faraday's concept of electric field. Find
an expression electric field intesity due to
a point charge.

‘Show that motion of a charged particle '
" when it is projected at right angles to
‘uniform electric field is parabolic.
... Derive an expression for potential energy

of an electric dipole in an electric field.
Tiind.an expression for the torque

.. experienced by an oiecmc dlpole in a

10.

1.

12.
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uniform electric field. What is the work
done in rotating a dipole in a uniform

electric field from an anlge 9, to 8, where

8,and 0, are the angles made by dipole
moment with the uniform electric field.

What is an electric dipole ? Obtain an

expression for the field due to electric

dipole at a point on the equitorial line.
[CHSE 98 A]

What is an ideal electric dipole ? Find the
electric field intensity at a pointin the end
on position of adipole. [CHSE 94 A]

State and prove Gauss's theorem in
electrostatics. Apply this theorem to find
electric field near a plane sheet of charge.

State and explain Gauss's theorem in
electrostatics. Apply this theorem to
derive Coulomb's law.

What do you mean by Gaussian surface?
What is the Gaussian surface for a line
charge ? Apply Gauss's theorem to find
an expression for electric field near a line

charge of linear charge density } .

State and explain Gauss theorem in
electrostatics. Apply it to derive an
expression for the intensity of the field due
to a charged plane lamina.

[CHSE 2002A]

Define electric potential at a point due to

“a charge and derive an expression for it.

Four charges +2C, -2C, +2C and -2C are
placed at the four corners of a square
ABCD respectively. Find the resultant
potential at the point of intersection of two
diagonals.

' [CHSE 96 A]

Define potential gradient and establish a

‘relation between potential gradient and
-electri¢ field intensity.
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13.

14,

15.

16.

Two point charges 1.2 puC and - 8.0 pC
are placed 500 mm apart. Determine the
position where the electric field is 0.

State the principle of superposition of
potentials. Find an expression for the
potential at a point due to an electric
dipole on its axis if P is the electric dipole

" moment.

Define electrostatic potential energy.
Derive an expression for it due to a system
of two charges.

What do you mean by equipotential line.
State the properties of equipotential lines.
Show that electric lines of force and
equipotential lines are mutually
perpendicular to each other.

Define electric potential. What are its unit
and dimensions. Show that the potential
at a point on the equatorial line of a dipole
is zero. X

True-False Type Questions :

Two electric lines of force do not cross
each other.

A metal sphere of radius | cm can hold a
charge of 1 coulomb. '

Two copper sphees of same radii, one
hollow and the other solid are charged to'
same potential. Both will hold same

charge.

A small metal ball is suspended in a
uniform electric field with the help of
an insulated thread. If high energy X-
ray beam falls on the ball, the ball will
be deflected in the direction of the
field.

If there is no electric field in 4 given space,
a point in that space can have a non-zero
potential.

10.

1.

12.

G.
K
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A charged particle, free to move in an
ellectric field moves along an electric lines
of force.

There is no electric field inside a
cylindrical conductor when a steady
current passes through it.

A charged body cannot attract another
uncharged body.

In an electric field an electron moves
away from higher posential to lower
potential.

Electrons in a conductor have no motion
in the absence of a potential difference
across it.

In space electric potential is zero because
electric field does not exist there.

Two conductors have equal amoount of
positive charge and volume. Therefore,
* they must be of same electric potential.

Fill in Blank Type

The insulation property of air breaks
.down at an intensity of electric field of
3x10° volts / m. The maximum charge
given to a sphere of diameter is.......

The electric field strength due to an
insulated charge Q at adistance ris........

The electric potential due to an insulated
“charge Q at a distance r is.........

When a charged conductor is placed near

The electrostatic force ¥ on a charge 'q'
placed in an electric field E i$ .cc..c.....
The-electric field intensity at the surface
of a ¢harged conductor is ...........

If the electric field is imiform in a region,

" then electric lines of force in that region



10.

The electric field strength due toa dipole

at an axial point is proportional to ..........

The electric potential at a point, distant r
from an electric dipole is proportional

The relation between electric potential and
electric field strengthis .............

Correct the following sentences :

The electric field strength at a point due

to an isolated charge varies inversely as
the cube of its distance from the point.

Bureau's Higher Secondary Physics

Electric field is a scalar quantity.

The S.I unit of electric field strength is
N/C=.

Electric field intensity at a point is equal
to the potential gradient at thet point.

Two electric lines of force cross each other
at a suitable point.

Equipotential lines and the lines of force
intersect at 60° at each other.

Two different equipotential lines intersect
each other at a suitable point.
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ANSWERS

g

Multiple Choice Type Questions :

L @ 2 @ 36 4@
9. (@ 10. ® 1) 12 ()
17. @ 18 ® 19.@ = 20.

Numerical Problems :

56x107 Nnc!
0

-

I

pu=02 [Hint: pmg=Eq]
5. 69x10°NC™

6.  2x10°Nm?c™!

7. a)l00V b) OV

8 64x107C

9. 540V

10. 18V
11. 439])

12. 0.2 m from 5uC
13. _(2!3) m froin charge 4Q, 1.44x107'1,
4. 45x107'1, 15.

16.  333x10°Nm?/C

(1) True (2) False (3) True (4) True (5) True (E, = =
X

5. b)) 6. (¢
13. ¢©) 14. (d)

172 x 103 NC~! » 45" with one of the sides at the fourth corner

9x10%V, 9x10°,

dv

False (8) False (9) False (10) False (11) False (12) False.

7. @ 8 (©
15. ) 16. (b)

0 if V is constant) (6) False (7)

;. @ 1 Q ‘ :
(1)2x 107C (2) e 3) ne, = (4) decreases (5)qg (6)normal to the surface

(7 parallel (8) 5 ©) = (10) ==
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3.1 Capacitor:

A device in which electric charge can
temporarily be stored is called a capacitor or a
condenser.

A capacitor consists of two conductors
of any shape and size well insulated from each
other separated by a small distance with empty
space or any dielectric medium between them.
These conductors are oppositely charged so as
to have a potential difference and thereby store
electrical energy. This energy is readily
recovered by allowing charge to flow between
them through various electrical devices.
Depending on the shape of the conductors and
dielectric matenal used capacitors are of several
types such as parallel plate capacitor, spherical
capacitor, cylindrical capacitor, paper capacitor,
ceramic capacitor etc. '

3.2 Simple capacitor :

A simple capacitor consist of two large
metal sheets insulated from each otherand their
surroundings and placed close together with
empty space between them. If a device for
moving a charge through a potential difference

such as a battery is connected to these plates, |

electrons are driven from one plate to the other
making one plate positively charged while the
other negatively charged. The charges on the
two plates are-equal in magnitude butopposite
in nature. As the charges are accumulated in
small instalments under the repulsive-force of

|

B e

Source of
potential
W

Difference

Fig.3.1

already existing charges on the plates, work is
to be done to put more and more charge. This
work done is stored as electrostatic potential
energy in the electric field of the capacitor which
can bedrawn through an electrical device. Thus
one of the functions of a capacitor is to store
electrical energy and supply it whenever it is
needed such as ingjrectifiers, amplifiers and
numerous electroni¢ devices.

3.3 Capacitance:

When an isolated conductor of any shape
is given a charge, it acquires a potential
proportional to the charge q giventoit:

qa'V

or q=CV (33.1)
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where C is a constant of proportionality and is
known as capacity or capacitance of the
conductor.

Eqgn. (3.3.Il) may be written as

g
C"v

Ifv=1,C=q

Capacitance of a conductor is
numerically equal to the quantity of charge
required to raise the potential of the counductor
by one unit.

-.(3.3.2)

A capacitor can never be full with
charges. More and more charges can be
accumulated by the capacitor by continuously
increasing its potential until it breaks down. A
fair analogy to capacitor is an air tank. More
and more air can be put in by increasing the
pressure until the tank bursts.

3.4 Units of capacitance :

In honour of Michael Faraday, the unit of
capacitance in SI system is named as farad.

1 Coulomb

= | farad (F)
1 volt

A farad is the capacitance of a capacitor
which acquires a potential difference of one volt
when it receives a charge of one Coulomb.

The unit, farad is very large. Most
frequently used unit is microfarad (uF).

(WF = 107° F). In some cases picofarad (pF) is
aconvenient unit (IpF = 10712 F).

Cgs (esu) unit of capacitance is stat-farad.
Astat-farad is the capacitance of a capacitor
which acquires a potential of one stat volt when
it receives a charge of one stat coulomb.

| stat coulomb
1 stat volt

= | stat farad

69

VR
Ifarad = 1C€ 5 Ix 10 stat coul

1V B o
300 stat volt

=9 x 10" stat farad.
3.5 Dimensions of capacitance

[C] [ —IL-2T2 ]

=[MLPT*A%] - ([Q1 = [AT])

Example

A capacitor gets a charge of 30 uC when
it is connected to a cell of 1.5 V. Calculate the
capacitance of the capacitor.

_Soluﬁon

Given q=30%107°C,V=15V,C=?

-6
q 30x107 -
C=at=2"—— =20
v 15 #E
3.6 Capacitance of an isolated spherical
conductor :

Consider an isolated spherical conductor
of radius r. Let it be given a charge q. This
charge gets uniformly distributed throughout its
conducting surface. The potential at any point
on its surface can be obtained by considering
the charge q being concentrated at its centre.
Hence the potential at any point on its surface
ls L]

V=—3
dner
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Therefore, the capacitance of the spherical
conductor is

q
C===4
v TE,T ..(3.6.1)

Thus the capacitance of a sp'herical conductor
is proportional to its radius.
Example

Assuming earth to be a spherical
conductor of radius 6.4 x 10° m, find its

capacitance.
Solution
Givenr=64x10°m,C="?
C=4negr
= M =711uF
. 9x10°

3.7 Capacitance of a parallel plate
capacitor :

Parallel plate capacitor consists of two
large parallel metal sheets X and Y insulated
from each other and their surroundings. They
are kept close to each other with empty space
between them.

Let each sheet of metal plate have an area
A and seperated by a distance d. One of the
plates X is given a charge +q while the other
plate Y, -q by a battery B.

X Y

e~
t —
o —
4 —
e —
—
b=
o ey
4 —ilgs
+—
b —
Pt b

| 4
I'l

B
Fig. 3.2

Bureau's Higher Secondary Physics

The electric field inside the parallel plate
capacitor is uniform and is given by

g q
E=—=—— i
e e A +(3.7.1)

when o = % is the surface density of charge.

The potential difference between the two
plates is given by negative line integral of
electric field as

Vy = Vi =—]"E.d?=—j'Edr=—Ed
(4] i

The p.d. between two plates is

V=Vx-Vy=Ed (Ve Vo)
qd

V=Ed=——
e A .(3.7.2)

The capacitance of a parallel plate capacitor in
free space is

=Sl

Cisd
VvV d
When the space between two parallel
plates of the capacitor is filled with a dielectric
of permitivity € and dielectric constant K, its
new capacitance is
€A

Ca=—
d

S racyo
d

Thus capacitance of a parallel plate capacitor is

(3.7.3)

-(3.7.4)

 w(3.7.5)

directly proportional to the common area

between the plates, directly proportional to
permitivity of the medium between the plates
and inversely proportional to the distance
between the plates. '

From eqn. (3.7.5) it is clear that, when a parallel
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plate capacitor is filled with a dielectric of
dielectric constant K, its capacitance increases
K times. Hence it enables us to measure the
dielectric constant of a dielectric :

]

C, ..(3.7.6)

3.8 Parallel plate capacitor partly filled
with a dielectric :

Suppose a dielectric slab of dielectric
constant K and thickness t (t < d) is kept in
between the two plates of the charged capacitor
as shown in the Fig. (3.3).

£

T —t— —

+ + + 4+t
I

+ + 4+ + 4+ + &

UL IS I R T IS [ A

l
|

Fig. 3.3

The net thickness of air gap between the plates
is now (d -t).

The electric field intensity inside the air gap is

B,=—=—1- (3.8.1)
& A
and inside the dielectric the electric field is
oW ) 40
™ e K = c KA -(3.8.2)

where ¢ = % is the surface charge density, q is

the magnitude of charge on each plate of area

A. Note that both E and E are in the same

direction.

Potential difference between the two
plates of the capacitor is given by the eqn. (3.7.2)

n

as
V=E (d-t)+Et

4 (d-1)+ q t
& A & KA

q
= —|(d=-D++
== [(d-0+%] (383)
The capacitance of a parallel plate capacitor
when it is partly filled with a dielectric is given
by (using eqn. 3.8.3) ;

«(3.84)

i)  When the capacitor is partly filled with a
metal slab of thickness t instead of dielectric slab,
its capacitance, using eqn. (3.8.4), is given by

e A

pm 5 d —% ‘..(3.-8.5)

Since for metals K = oo

Comparing eqgns. (3.8.4) and (3.8.5) we note
that

Cpm > Cpd

Comparing eqns. (3.7.3) and (3.8.5) we
note that introduction of a metal slab inside a
capacitor is equivalent to decrease in distance
between the two plates by the amount of
thickness of the metal slab. Moreover by its
insertion, breakdown voltage of the capacitor
decreases. Hence to increase the capacitance of
the capacitor, a dielectric medium is preferred
to metal slab.

i) When the parallel plate capacitor is
completely filled with a metal slab (t=d)
Cip =

In this case electric charges continuously flow
through the capacitor and it will never be full
with charges. The capacitor is now short
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circuited. A short circuited capacitor will have

infinite capacitance.

iii) When the parallel plate capacitor is
completely filled with a dielectric slab (i.e. t =d)

of dielectric constant K,
g, =2l _gS2_gc,
d/K d

where C, is the capacitance of air filled
capacitor.

Example

Find the capacitance of a parallel plate
capacitor having plates of area 10 cm” separated
by a distance of 2.0 mm in free space.

Solution
Given A= 10cm?, d=0.2cm

Capacitance of the parallel plate capacitor

c-5A
d
_ 885x107'2 x10x107*
02x1072
=443x10712F
_ =4.43 pF.
Example

A 10 pF parallel plate capacitor is
connected across a 2 volt battery. If the
separation between the plates is doubled then
how will the (i) capacitance (ii) potential
difference across the plates, and (iii) charge
change. S SRR

Solution
Given C = 10 uF, V =2 volt.
: A ., A C
T T

ii)  Since battery is connected, p.d.
rremains the same as 2 volt.

Bureau's Higher Secondary Physics

i) q=CV=10x2=20 uC
q=CV=5x2=10 uC

Capacitanc will be halved, potential difference
remains the same and charge will be halved.

3.9. Dielectric and its effects :

Dielectric materials are insulators and they
are loosely called as dielectrics. No substance
is a perfect insulator. In a steady electric field
the conductivity of many insulators is so small
that, it can be neglected as a first approximation.

In some capacitors air is used as a
dielectric medium but in many other capacitors

~solid and liquid dielectrics such as mica,

parafined paper, oil etc. are used.

Function of the dielectric used in a
capacitor is two fold. (1) It has good insulating
property and (2) it increases the capacitance of
the capacitor by a large factor evident from the
following discussion.

Substances have two types of molecules
viz., polar molecules and non polar molecules.
Polar molecules have permanent electric dipole
moments whereas non-polar molecules acquire
dipole moments in the presence of electric field.
In the absence of electric field the polar
molecules of the dielectric are randomly
oriented (fig. 3.4(a))due to thermal agitation, and
hence net electric field produced by them is zero,

M—/"

W% | EBo=:
éggg M z@ =
Q0 |l FP=Z|-
ZY|| 2=
(a) (b) |

2
[Fig. 3.4 Dielectric material in a capacitor (a)
uncharged (b) charged]
' Fig. 3.4
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When a capacitor is charged, the resulting
electric (ield causes the elementary (molecular
or atomic) dipoles of polar substances to align
their dipole moments in the direction of electric
field (fig. 3.4(b))whereas in non polar substances

~ dipole moments are induced by a small

displacement of positive charge of the molecules
in the direction of electric field and negative
charge opposite to the direction of electric field.
The phenomenon-of alignment of elementary
dipole-moments in the case of polar substances

and induction of dipolemoments in non polar

substances is known as dielectric polarization.
The amount of polarization depends on (i)
strength of the electric field and (ii) nature of
the dielectric. Polarization does not produce any
net charge in the body of the dielectric but'it
results in d sheet of positive charge on one face
(near the negatively charged plate of the
capacitor) of the dielectric and a sheet of
negative charge (near positively charged plate
of the capacitor) on the other face as shown in
fig. 3.4.(b). Thus the electric field due to
dielectric polarization is opposite to the external
electric field which causes the polarization.
Thereby electric field inside the dielectric
weakens, potential difference across the
capacitor decreases and hence capacitance of
the capacitor increases.

Let E be the electric field due to the charge
on the capacitor and E, be electric field due to
polarization of the dielectric. Net electric field
inside the polarized dielectricis (E-E). -

Potential difference across the capacitor

i) in the absence of dielectric is

V=Ed
and ii) in the presence of dielectric is
V,=(E-E;d

Capacitance of the capacitor

9
Ed
with a dielectric as the medium

i) withairasthe medium C,, =%=

and i)

c=2__4
Ve (E-Ejd
C E
Dielectricconstant K= — = ——
e C, B-E

Thus, if an electric field applied to a dielectric
is E, electric field inside the dielectric is

E
E-E;)=—
( i) <

We can also define dielectric constant of
a dielectric as the ratio of external electric field
applied to the dielectric to the electric field inside
the dielectric. Also because electric field inside
aconductor is 0, K has to be « for a conductor.

The effect of keeping a dielectric inside a
charged parallel plate capacitor is

i) dielectric gets polafized

i)  Electric field decreases to E/K

ili)  Potential difference across the
capacitor decreases to V/K

iv) Capacitance of the capacitor
increases K times.

Example

A 30 p F parallel plate capacitor is fully
charged with a battery of emf 6 volts and then
the battery is disconnected. If the separation
between the plates is 3.0 cm, find (i) electric
field intensity in the space between the plates
and (ii) charge of the capacitor. Now a dielectric
of dielectric constant 3 is introduced. Find (iii)
electric field inside the dielectric (iv) charge on
the capacitor (v) potential difference across the
capacitor (vi) capacitance of the capacitor.

Solution
Given : C=30uF, V=6 volt,d=3x 10% m

i) q=CV=30x6=180 pC
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E 2
Ej=—=——=0667V/m

iii) d K 3
; V

iv) q=KCxE=180pC
V 6

V, =—=—=2volt
v) “TKT3

vi) Cyq=KC=3x30=90uF
3.10 Dielectric strength :

Itisclear fromtheeqgn. C = % that charge

accumulated in a capacitor is not limited by its
capacitance. Potential difference across the
capacitor builds up with increase in charge.
However a dielectric can withstand upto a
certain potenital gradient beyond which its
insulting property geis destroyed and it conducts
electricity damaging the capacitor.

Dielectric strength is the ability of a
dielectric to withstand a maximum potential
gradient without rupture or disruptive discharge
of electricity through the dielectric.

Example

A spherical metallic conductor of radius
3.0cmis held in air. Find the maximum charge
it can hold if dieletric strength of airis 30 kv/cm.

Solution
Given:E=30x 10° V/m,r=3x 10%m

Electric field strength on the surface of the
conductor

q
dne

E=

or q=4ne,rE

9x107* x30x10°
9x10°
=03uC
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3.11 Combinations of capacitors :

Two or more capacitors can be connected
in several ways. The two most important ways
of connecting a group of capacitors are the series
and parallel combinations. Each combination
behaves as a single capacitor. Let us calculate
its equivalent capacitance.

i)  Series combination :

Capacitors are said to be connected in
series if second plate of first capacitor is
connected to first plate of second capacitor, the
second plate of second capacitor to first plate of
third capacitor and so on as shown in the fig.
(3.5)

C, Cs C.
+ - = e
R - + -
- + - 4+ o
o + - * -
R + - + -
+ - L~ + -
tq -9 +q —q q -
#V!-b-d—vz-l- ‘-Vn*

|

|

Vv

Fig. 3.5

Let the'series combination, consisting of
n capacitors of capacities C v Cz. C'l be
connected across a battery of emf V. The battery
-supplies a charge +q to the first plate of capacitor
C, and the charge -q is induced on the inner
surface of its second plate while its free charge
+q flows to the first plate of second capacitor
C,. The above process is repeated until the last
capacitor C_is reached (Fig 3.5). Thus each of
the capacitor holds same quantity of charge q
irrespective of the value of the capacitance.
Potential difference across each capacitor

2 a0 1. L @
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depending on their capacities, is different. Let
Vi Vg cinee V_ represent potential differences
across the different capacitors of different
capacities C,, C,, .... C_ respectively and V be
the potential difference across the series
combination.

Hence V=V, +Va+.4V, ..(G.1L1)
.- q q
where Vij=—, Vo =—, ..V, =—
C C, s
.(3.11.2)

and V=3
C

where C is the equivalent capacitance of the
series combination. Substituting eqn. (3.11.2)
in eqn. (3.11.1) we have

In series combination of capacitors, the
reciprocal of equivallent capacitance of the
combination is equal to the sum of the
reciprocals of the individual capacitances.

it) Parallel combination :

‘Capacitors are said to be connected in
parallel if one of the plates of each capacitor is
connected to a common point (A) while the
other plates are connected to another common
point (B) as shown in the fig. 3.6.
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Fig. 3.6

Let the parallel combination consisting of
n capacitors of capacities C I C, e C, be
connected across a battery of emf V. Evidently
all the capacitors are charged to same potential
since they are all connected directly to same
source of emf V. Charges on each capacitor are
different and are given by

q, =Cl V,q2=C2 V., ...q“=Ctl \%
L(3.11.4)

The total charge q of the combination
supplied by the battery is equal to sum of the
charges on individual capacitors.

..(3.11.5)

If C represents the equivalent capacitance
of the parallel combination, ¢ = CV and
substituting eqn. (3.11.4) in eqn. (3.11.5) we
have,

Hence q=q, +q, + ... 4q
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or C=C;+Cy+....4C, - (3.11.6)

Thus, in parallel combination of
capacitors, the equivalent capacitance of the
combination is equal to sum of the capacitances
of individual capacitors.

When one or more of the capacitors cannot
sustain a desired voltage, a series combination
of such capacitors are used. The voltage per
capacitor in such a series combination is inversely
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proportional to the capacitance of the capacitor
i.e. capacitor of least capacitance has the largest
voltage across it. As an example, suppose a
capacitor can sustain maximum of 10 volts.
When desired voltage to be applied is 100 volts,
a minimum of 10 such capacitors can be joined
in series so that the entire voltage (100V) across
the combination will be distributed and each
capacitor now will have a potential difference of
10 volts. When a large capacitance is desired at
low or moderate potential, parallel combination
of capacitors are used. Such a combination will
hold a large charge.

3.12 Distinction between series and parallel combination of capacitors :

eries bination

1. Charge on each capacitor is same.
2. Series combination will hold less charge.

3. Potential difference of different capacitors

is different

4. - Potential of the source is distributed among

different capacitors of the combination. The

one having largest capacitance will have
smallest potential difference.
5. Thereciprocal of equivalent capacitance

of the series combination is equal to sum of

the reciprocals of their individucal capacit-

ances.

6. The equivalent capacitance is smaller than

smallest individual capacitance of the comb-

ination.
7. Series combination of capacitors is used

when one or more of the capacitors

can not withstand the entire applied voltage.

Parallel combination

Charge on different capacitors is different.
The capacitor having large capacity will
accumulate more charge.

Parallel combination will hold a large
charge.

Potential difference across each capacitor
1S same,

Charge supplied by the source is distributed.
The one having greatest capacitance will

hold largest amount of charge.

The equivalent capacitance of parallel comb-
ination is equal to sum of their individual

capacitance.

The equivalent capacitance is larger than
largest individucal capacitance of the comb-
ination.

Parallel combination of capacitors is used
when a Jarge capacitance is desired at a

moderate or low potential.
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Example :

The capacitance of two capacitors are in
the ratio 1 : 4 on joining them in series the
equivalent capacitance is 4 uF. Find the
capacitance of each capacitor.

Solution :
If C|= C,.Cz =4C

The equivalent capacitance of the series

combinationis C; = -9(:—:’- = SE
C+Cy 5
s el
5

. C=C, =5uF, C; =4C=204F.
Example :

n identical capacitors are first joined in
parallel and then in series. Find the ratio of their
equivalent capacitances.

Solution :

Let Cbe the capacitance of each capacitor
The equivalent capacitance of the parallel
combination is

Cp=ﬁC

2|0

and Cg=

o CP:CS=HZZI
Example :

Find the equivalent capacitance between
the points A and B in the fig. (3.7)

2uF

A | | B
| |

6pF __ __6uF

| |

D | C
6uF
Fig. 3.7

Solution :

Three 6 pt F capacitors are in series.

Cy == =2yF

w | o

C, is in parallel with 2 i F capacitor.

. The equivalent capacitance of the
combinationis2+2=4uF

3.13 Electrostatic potential energy stored in
a charged capacitor :

To charge a capacitor, work is done by
an external agency (e.g. battery). This work
done is stored in the electric field of the capacitor
as electrostatic potential energy. It can be
recovered as heat energy when the two charged
plates are connected by a resistance wire. Thus
energy of a charged capacitor is defined as the
work done to charge the capacitor.

Consider a capacitor of capacitance C
given a charge Q under a potential difference
of V. Q and V are the final values after the
capacitor is fully charged. During the process-
of charging let q and v be the instantaneous
values of charge and p.d. of the capacitor
respectively. If a further charge dq is given to
the capacitor, work done against the potential
difference v is

dW = vdq

dq .(3.13.1)

Ale
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Total work done in charging the capacitor from

O to Q is obtained by integrating the eqn.
(3.13.1)

w Qq
JdW = fEdfl
0 (0}
'
or w"'; qdq
)

QZ
=2_
% Q‘-CU

or W ~(3.13.2)

Q® 1.2 |
W==- =—CV*=—QV ..(3.133
3C- 120 ZQ ( )

3.14 Energy density of an electric field :

The capacitance of a parallel plate
capacitor in free space is given by the eqn. 3.7.3
as

A
c,-Sb
and the electric field intensity between the two

plates of the charged capacitor is

v
E=E or V=Ed

1 b | &, A _5 .- 1
W==—CV-=— 2 _Ed =—
2 2 d 2

E°Ad

.(3.14.1).

Ad = v is the volume of the space between the
two plates of the capacitor.

Thus, the energy stored per unit volume in an
electric field intensity E or energy density of an
electric field is :

W 1 2
=—=— E-

v 2 % ;
Expression for energy density eqn. (3.14.2) is
independent of shape and size of the capacitor.
Hence, whether the electric field is due to a

u - .(3142)
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capacitor or otherwise, energy density of an
electric field in free space is % & B

If E =0, energy density u=0.

Thus, energy is stored in the electric field.
If the electric field is established in a dielectric
medium of permitivity e, the energy density

l 2 l 2
u=—cE ==Ke E°
> > & ..(3.14.3)

where K is the dielectric constant.

3.15 Force of attraction between two plates
of a charged parallel plate capacitor :

Work done in charging a capacitor can
be considered to be equivalent to mechanical
work done in pulling apart two oppositely
charged plates each of plate area A, slowly to
increase the separation from 0 to d. If F is the
force of attraction between the plates

-

W=Fd=£=ie‘,E3Ad
2C -2

(Using eqns. 3.13.3 and 3.14.1)

2
Fd= q xd =_I%Ezm
2xg,A 2
2
. S
-9 _SA_1_ o,
e 2 ;& (3.15.1)

where o is the surface density of charge.
Example :

A parallel plate capacitor of capacitance
8uF isconnected to a power supply of 50 V. If
the separation between the two plates is Smm
and area qf each plate is 2 cm? find (i) energy
of the capacitor (ii) energy density in the electric
field and (iii) force of attraction between the
plates.
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Solution :
Given C =8§%10"°F, V =50 volt
A=2x10"*m?+ d=5x10"m

i) W:'ECV2=~%x8x10_ﬁx50x50

=0.011J
! W W 0.01
i) Uu=—= = w 3
v Ad 2x107 x5x10
=1x10%1/m?
i) F=—W—-=ﬂ-—=2N
d 5x10

3.16 Capacitance of a spherical capacitor :

A spherical capacitor consists of a solid
or a hollow spherical conductor surrounded by
another concentric hollow spherical conductor.
One of the spherical conductors is given a
charge while the other is earthed.

i)  When the outer sphere is earthed

Consider two concentric matallic spheres
A and B of radii a and b respectively. Let the
inner sphere be given a positive charge +q while
the outer sphere B be earthed.
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Now -q bound charge is induced on the inner
surface of B while its +q free charge flows into
the earth as it is earthed.

Electric field strength at a point P at a
distance r from the centre O and within the
concentric spheres is entirely due to the charge
+q on the inner sphere and is given by

B to
dn g,

e
-1

-3
where T is the unit vector along OP.

The potential difference between two
spheres is given by

a_
V = -JEdf

o 'l]“
dn gy Lrly
N _q_’i_i]
dnegla b

The capacitance of the spherical capacitor is
given by

.(3.16.1)

q q ab
Ce=—"——2——=4 S
V. g [1_1] "Sb-oa
4ne la b
(3.16.2)

Special cases :
a )  Capacitance of spherical conductor :
Sphéricﬂ capac':.itolr becomes .spherical

conductor if radius of the outersphere is
considered to be infinity. The eqn. (3.16.2) can



now be written as

<

C=4n eo~1—f—5=41reoa
b

Ifb - .

b)  Capacitance of a very large spherical
capacitor :

Let the; separation between two spheres
of the spherical capacitor be,d=b - a.

For a very large spherical capacitora=b

and 4q ab~4ma® = A (areaof each sphere)

Ag

ab
C=4 BT e (3.
nE, e i (3.16.3)

Eqn. (3.16.3) is same as LI{e capacitance of a
parallel plate capacitor. Hence a very large

spherical capacitor behaves as a parallel plate
capacitor.

i)  When the inner sphere is earthed :

Consider a spherical capacitor‘of which
the inner sphere A is earthed while outer sphere
B is given a positive charge q.

A .'.'_',l: i g tgnae T )

_This causes an induced charge -q' to appear on
the outer surface of the inner sphere A. This -q'
in turn induces +q' on the inner surface of the
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outersphere. These induced charges * q' must
be such that the potential difference between B
and A is equal to that of B with respect to earth.

The electric field strength E, at a point P
at a distance r from the centre O, in the space
between concentric spheres A and B is

I -
E=
41re3,r'"

r

_.}
where t is the unit vector along OP.

Potential difference between the two spheres B
and A is

b _
Vg-Vp =- E.df
a

(- the sphere A is earthed V, =0)

__d [_1"
dneg | 1

e i L
v, = i En[;—;] (3.164)

The potential of the outer sphere B relative to
earth is given by

.9
4ne b

«(3.16.5)

From eqns. (3.16.4) and (3.16.5) it is clear that

L[l_l_ q

4ne,|la b| 4ng b
i B

T,

Total charge on the outer sphere B is

.(3.16.6)
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The capacitance of the spherical capacitor
when the inner sphere is earthed is

C=q+¢
v
=94
vV V ‘
using eqns. 3.16.5 and 3.16.4, we have
ab
C=4ng b+dng, — ..(3.16.7)
b-a
b2
=4ng, — .(3.16.8)
b-a.

Comparing eqns. (3.16.7) and (3.16.2) we note
that the capacitance of the spherical capacitor

when inner sphere is earthed is greater by |

4 , b to that when outer sphere is earthed. Still
then outer sphere earthed capacitor is preferred
because of shielding effect which makes its
capacity independent of the effect of external
charge.

3.17 Types of capacitors :

Types of capacitors are named according
to the dielectric used in them. Most common
are air, paper, mica, ceram;c and electrolytic
capacitors.

a)  Mica Capacitors
A nuumber of tin foils (or copper plates)
are arranged one above the other in such a way

that between any two successive tin foils mica
sheets are stacked. Alternate strips of tin foil are

Tin foil =1

P
______________ —++— B
t Tin foil

[Fig. (3.10) Mica Capacitor]
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connected together and brought out as one
terminal A for one set of foils, while the other
terminal B connects to other set of foils (Fig.
3.10) The entire unit is generally in a moulded
bakelite case. If N is the total number of tin foils,
capacitance of the entire unit is (N-1)C where
C is the capacitance between two successive
tin foils with mica as dielectric between them.
This type of capacitor is used in high frequency
circuits as energy loss in the mica dielectric is
minimum.

b)  Paper Capacitor :

It consists of two rolls of tin folls
separated by a tissue paper insulator, rolled into
a compact cylinder. Two terminals, are taken
out from the tin foils on the two sides of the
role. The entire cylinder is generally placed ina
carboard container coated with wax or encased
in plastic. (fig. 3.11)

4

e

Fig. 3.11

_:t_.'J N Ceramic Capacitor :

Ceramic dielectric materials are made of
titanium dioxide or several types of silicates. In
the disk form, silver is fixed on both sides of
the ceramic, to form the conductor plates,
Ceramic capacitors are often used for
temperature compensation, to increase or
decrease the capacitance with rise in temperature
with a reference of 25°C., :

d)  Variable Capacitor :

It consists of two sets of alternate parallel
metal plates without touching each other with
air as the dielectric medium between the plates.
One set, of alternate plates are fixed and
connected together to form the stator. The other

~ set Qf alternate plates donnectéd{o’gelher on the
_.shaﬁofmerorar (f'g 3 19) D02 Tt ant



Fig. 3.12

The capacitance can be varied at will by rotating
the shaft. Variable capacitor is commonly used
as a tuning capacitor in radio receivers.

¢) - Electrolytic capacitor :

"It consists of two aluminum electrodes.
A cotton gauze soaked in electrolyte of borax
is kept in between these electrodes. While
manufacturing the capacitor, a d.c. voltage is
applied. Electrolytic action accumulates a
molecular-thin layer of aluminium oxide at the
junction between the positive aluminium
electode and the electrolyte. Since oxide filmis
an insulator, the positive aluminium electrode
and electrolyte acts as a capacitor while negative
aluminium electrode- simply provides a
connection to the electrolyte. Electrolyte
capacitor has a large capacitance as the thickness
of dielectric film is very small.

Netalive electrode
(electrolyte)

Fig. 3. 1 3
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Fig (3.13. a.b,c) shows construction and
appearance of a typical electrolytic capacitor.

Its electrical connection should be in such
a way that its oxide plate is always positive with
respect to the other. Otherwise the reversed
electrolysis forms gas and the capacitor becomes
hot and may explode. The possibility of
explosion is there only for electrolytic
capacitors.

Electolytic capacitors are used in circuits
that have a combination of d.c. voltage and a.c
voltage. The d.c. voltage maintains the polarity.
It is used to eliminate a.c ripples in d.c power

supply.
SUMMARY

_ A capacitor consists of two conductors
seperated by a dielectric. Its ability to store
charge is known as capacitance. The

capacitance of a capacitor is defined by C = % :

The unit of capacitance is the Farad. One
Farad of capacitance stores one Coulomb of
charge when applied voltage is one volt.
Practical capacitors have much smaller
capacitance values, from 1 pF to 1000p F.

IpF=10""2F. IWF =10"°F.
A parallel plate air capacitor has a

capacitance given by

c=-54
d
A spherical conductor has a capacitance
C=dnegr

A spherical capacitor consists of two
concentric metal spheres. Its capacitance is

. . ab , !
i) C=4n €, —— when its outer sphere is

b—a
carthed.
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-

F

b
i) C=dng, e when its inner sphere is

earthed.

where a and b are radii of inner and out-spheres
of the capacitor respectively.

The dielectric strength of a material is the
minimum potential gradient that will cause a
disruptive discharge.

When capacitors are connected in series

= Vl +V2 +V3+..‘.

g=4q1=92 =93 <.+
i I I o SR 4
[ Cl C2 C3

when capacitors are connected in parallel

V=Vl =V:)_ = V3 e

q=q; +q2 +q3+....
C=C;+Cp +C3+....
A charged capacitor possesses energy in its

electric field given by

q2

197 2
7 C e E°“AS

ik
20

=leyv2=lgv=
W=3CVZ=3qV

In an isolated charged parallel plate
capacitor, when a dielectric of dielectric constant
K is inserted its

i) Capacitance increases K times
ii)  Charge on the plates remains same.

iii) Potential difference across the

plates decreases by a factor -I‘? s

iv)  Electric field decreases by a factor
/K.

v)  Energy decreases by a factor 1/K.

When a parallel plate capacitor is connected to
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a battery and a dielectric of dielectric contact K
is introduced between the plates of the capacitor,
its

i)  Capacitance increases K times.

ii)  Charge q increases to Kq.

iii) Potential difference across the
plates remains the same.

iv)  Electric field between the plates
remains the same.

v)  Energy increases K times.

Capacitance of parallel plate capacitor partly
filled with dielectric is

__ g4
d=t4+

where '’ is the thickness of the dielectric.

The most common types of commercial
capacitors are air, paper, mica, ceramic and
electrolytic. Electrolytic capacitors are the only
capacitors with polarity.

SOLVED NUMERICAL EXAMPLES :

1. Inthecircuit shown in the fig. (3.14), E!
=10V,E,=17V,C, =4pFandC, =
5 u F. Find the potential difference across

each capacitor.
E,
™ + =
o 1S
e -G
’ e
=1 |+
. B
.7 Fig3.u4
Solations, - T RS e

The equivalent circuit of the g'iven circuit
can be drawn as shown in the fig. (3.15)




G

| |
> 1

._V|-.

1-—\."2--
| |
H =
(E,+E,)

C,
I
I

Fig. 3.15
In series combination of capacitors
q=C Vi =GV,
Vi _ G

V, G

b B o
V1+V2 C1+C2

Gy
V,=(E;+E
L ( 1 2)C1+C2

('.' El +E2 = Vl +V2]

=27x§=15\«'
9

Vy=27-15=12V

2. Pour identical plates are placed at equal
distances as show in the fig. (3.16 a) and
fig. (3.16 b). Find the capacitance of the

Le -
< —3—a
4 B
(a) (b)
Fig. 3.16

system between the points A and B if the
capacitance between any two successive
platesis C, -

Solution :
The equivalent circuit of fig. (3:16 a) is
fig. (3.17 a)
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i

Fig. 3.17 (a)
Cx2C =-2-C
C+2C 3

The equivalent circuit of fig (3.16 b) is
fig. (3.17.b)

Ceff =

2 14-3

C C

A
2C3

Fig. 3.17 (b)

Ceff = & +C= éC
2 2

3.  Calculate the ratio of the capacitances of
two identical parallel plate capacitors
when they are filled with two dielectrics
of same dimensions but of different |
dielectric of dielectric constants K, and
K, respecti vely in the two possible
arrangements.

Solufion :

The two possible arrangements are (a) and
(b) of fig. (3.18)

B Ll
Ha) | (b)

Fig. 3.18
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In the arrangement (a) the two capacitors
are connected in series.

A di2- d/2
C KgA KgA
» c -2%A, KK,
d K, +K,

In the arrangement (b) two capacitors are
connected in parallel.

%‘%Kl

E‘]AK':
= d

_S A(K, +K;)
2d

The ratio of the capacitances in these two
arrangements is

Gl 8Ky

C2 (K +Kjp)?
A 1 p F capacitor and 2pF capacitor are
connected in series across 1200 V supply
line. (a) Find the charge on each capacitor
and potential difference across each
capacitor. (b) The charged capacitors are
disconnected from the supply line and from
each other and reconnected with terminals
of like sign together. Find the final charge
on each and voltage across each.

Solution :

lx2 2
l+2 gl-lF

Cl XC2
Ci+C

a) Ceff=

In series connection charge on
each capacitor is equal to

q=Ceff. V= %»<1200=80de

P.dacross C is V) = Eq_ =800V
1 _

P.dacross C,is V3 = Ci =400V

2
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b)  In parallel connection, P.d across
each capacitor is same and is equal
to

_ total charge
Cl = Cz

_ 800+800
1+2

= 533.3Volts

VC,=5333pC
1066.7 1 C.

If the capacitance of each capacitor is
1 1 F, find the effective capacitance of
infinite ladder net work of capacitors
between the points A and B as shown in
the fig. (3.19)

Chargeon C| isq, =
Charge on C, is q,= VC, =

S latiasiat il

B

Fig. 3.19

Solution:

Let C be the effective capacitance of the
given circuit across the points A and B.
As there are infinite pairs of capacitors,
adding one more pair of capacitors will not
change the effective capacitance of the
combination. Thus the equivalent circuit
of the fig. (3.19) can be drawn as fig. (3.20)

IuF
] |
8 oy I

5 IuF C

Fig. 3.20

o Ix(C+1)
1+(C+1)
C(C+2)=C+1



o ¢c2+C-1=0
C_—ltJ‘1+4
TR

C= (ﬁ‘,—'—)uF (Avoiding negative

capacitance)
6.  Aspherical capacitor has radii of inner and
outer spheres as 3 cm and 4 cm respectively.
The space between two spheres is filled with
adielectric of dielectric constant 3. Find the
capacitance of the spherical capacitor when
(i) outer sphere is earthed and (ji) the inner
sphere is carthed.
Solution :
i) When the outer sphere is earthed

C=4ng K2

3x3x4x10'4

" 0x10° x(4-3)x107
ii)  When the inner sphere is earthed

= 40pF

_ 3x4x4xi0?t
9x10 x(4-3)x107
7.  n capacitors each of capacitance C are
connected as shown in the fig. (3.21).
Calculate the equivalent capacitance
between the points A and B.

&

SARSE

C
—_—

L}
C)/
e
el

Fig. 3.21
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Solution :

Out of n capacitors (n-1) are connected
in series combination and its effective

capacitance is ﬁ

Capacitance of ;(_-'— is in parallel with the

capacitance C across the points A and B.

. Effective capacitance Ceff= C + 3%

~ nC

n—1

8.  Findthe effective capacitance of the circuit
between the points A and B in the

fig.3.22.
|
2C el ac
A—¢ & @“a
2C I 2C
C
Fig. 3.22
Solution :

In the series circuits, capacitors 3C and
3C are short circuited. The equivalent
circuit of the fig. (3.22) is fig. (3.23) and
the effective capacitance across the points

A and B is 2C.
2C 2C
A ——B
2C 2C
Fig. 3.23
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MODEL QUESTIONS

)

Multiple Choice Type Questions :
Unit of capacitance is

a) Volt b) Coulomb

d) Farad

The capacitance of a capacitor decreases
if

a) its charge decreases

¢) ohm

b) its supply voltage increases

c) seperation between the plates
decreases.

d) common area of the plates decreases

A parallel plate capcitor is charged by a
battery and it is then disconnected from
the battery. When a dielectric material is
inserted between the plate.

a) electric field decreases

b) potential difference across the
capacitor decreases.

¢) capacitance increases
d) All the above are correct

Three different capacitors are connected
in series and charged by a battery. They
will have

a) equal charge

b) equal potential

c) equal charge and equal potential

d) unequal charge and unequal potentiéd

A parallel plate capacitor is charged by
connecting a battery across its plates. If
the battery remains connected and a
dielectric material is inserted in between
the plates of the capacitor, then

a) potential difference across the
capacitor remains the same.

10.

b) Electric field remains the same
¢) capacitance increases
d) All the above

The force of attraction between the plates
of a parallel plate capacitor of area A and

charge q is :

2 2
q-A _ q
) 2%, b 2¢a

2 2
q q
©) e A d 4e A

What is the minimum number of
capacitors of 1 it F which can withstand
10V, are required to construct a capacitor
of 1 p F which can withstand 30V ?

a) 3 b) 6

c) 9 d) 1

A small mercury drop has a capacitance
1u F. If 8 such identical drops are
combined to form a big drop, its
capacitance is

a) SpF b) 2uF

c) 4uF d IpF.

A capacitor of capacitance 2 it F has been
charged to 200V. It is now discharged

through a resistance wire. The heat
produced in the wire is

a) 4x 10*] b) 400

c) 0.041) d) 0.02]

2.25 p F capacitor is to be formed out of
a pool of I p F capacitors. What is the
minimum number of such capacitors are
required ?
a) 6

c) S

b) 3
d) not possible



10.

11.

12.

13.

14.

Very Short Answer Type Questions :
[CHSE 99 A]

State the unit of capacitance in SL Isit s
practical unit ?

What is a capacitor ?

- State the dimensions of capacitance.

A parallel plate capacitor is immersed in
water. How will its capacitance change?
[CHSE 01]

What happens to the capacity of a
condenser when a dielectric slab is
introduced in the space between its plates.

[CHSE 98 A]

How does capacity of a capacitor change
if the seperation between the plates is
increased ? [CHSE 97 A]

Define one Farad.

If two capacitors, each of value 2 p F, are
connected in parallel what is the value of
effective capacitance ?  [CHSE 94 A]

The ratio of maximum equivalent
capacitance to minimum equivalent
capacitance obtained by grouping three
1 1 F capacitors in series and parallel
conbination is [CHSE 96 S]

Three 3 p F capacitors are connected in
series. Its equivalent capacitance is .
To form a 2.5 i F capacitor, how many
minimum number of 1 pt F capacitors are
needed 7

Two identical metal spheres, one hollow

and the other solid are charged to the same
potential. Which one will have more

charge ?

Whatis the capacitance of a short circuited
capacitor ? o Y

What will happen to the capacitance of
parallél plate capacitor when a metal plate

. of thickness equal to half the distance
‘hetween the plates is placed in the middle.

15.

16.

17.

—
alle
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Can we give any amount of charge that
we like, to a capacitor ?

What happens to the energy stored in a
capacitor, if the plates of the charged
capacitor are moved farther, the battery
remaining connecied ?

[CBSE Sample Paper]

When a capacitor is charged by a battery,
does the energy stored by a capacitor
remain same as the energy supplied by
the hattery ? [CBSE Sample Paper]

Short Answer Type Questions :

What is a dielectric medium ? State its
effect on the capacity of a capacitor.
[CHSE 97 S]

What should be capacity of a condenser
to have one joule of energy ?
[CHSE 95A]

n number of identical capacitors are first
connected in series and then in parallel.
Find the ratio of equivalent capacitance
of two groupings. [CHSE 99 A]

What happens to the electric field of a
charged capacitor when a dielectric is
introduced inside the capacitor and why?

Which will have a higher capacity -
spherical capacitor when its outer sphere
is earthed or inner sphere is earthed.
Which one is used and why ?

Can a spherical conductor of radius 1.0m
hold 1.0C of charge if dielectric strength
of air is 10° v/m. Why ?

If 8 identical drops each charged to energy
equal to one erg are combined to form a
big drop, the energy of the big drop is

.
——

A capacitor has a charge of 0.1 C wheniit
is charged through a p.d. of 200 volts.
Find héat generated in a resistor when it
is connected across the plates of the
capacitor.
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9.

10.

1L

12.

13.

The capacitance of a sphereical capacitor

is 1.0 F. If the spacing between the two

spheres is Imm, find the radius of the
outer sphere.

A parallel plate air capacitor has
capacitance C. When it is half filled with
a dielectric of dielectric constant 5, find
the increased value of its capacitance.

Sketch a graph to show how charge Q
given to a capacitor of capacitance C
varies with the potential difference ?

[CBSE 2000]

A charged ciipacitor has stored energy U .
What will be the energy stored when air
is replaced by a dielectric of dielectric of
dielectric constant 'k', charge Q remaining
same. [CBSE 1997]

*The given graph shows the variation of

charge Q versus potential difference for
capacitance C, and C,. The two
capacitors have the same plate separation;
but the plate area of C, is double that of
C,. Which of the lines in the graphs
correspond to C, and C, and why ?

[CBSE 2006]

Numericél Problems :

In a parallel plate uncharged capacitor, by
transferring 1.25 x 10" electrons from
one plate to the other a potential difference
of 4V is produced. Find the capacitance
of the capacitor.

To construct a capacitor of 1 uF having a
breakdown voltage of 100V out of 1pF
capacitors, each having a breakdown
voltage of 10V, find (a) minimum number
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of capacitors required. (b) how they
should be connected ?

Three capacitors having capacities 20uF,
30uF and 60uF are connected in series

“witha 10V battery. Find (a) charge on each

capacitor (b) energy stored in each
capacitor (c) energy supplied by the
battery.

A parallel plate capacitor having common
plate area 50 cm? and plate separation 2.0
mm is connected to a battery of 6.0 V.
Calculate the charge on the capacitor and
the work done by the battery. '

Two conducting spheres of radii 4.0 cm
and 6.0 cm have charges 440uC and

60uC respectively. Calculate the loss of
energy when they are connected together
by a conducting wire.

A capacitor is filled with two dielectrics
of same dimensions but of dielectric .
constants 2 and 3. Find the ratio of the
capacitances in the two possible
arrangements.

A parallel plate capacitor has a certain
capacitance. When a dielectric of
thickness 4.0 mm is inserted and
separation of plates increased by 3.0 mm,
the capacitor regains its original
capacitance. Find the dielectric constant
of the dielectric.

A parallel plate capacitor contains a mica
sheet of thickness 1.0 mm and a sheet of
fibre of thickness 0.5 mm. Dielectric
constant of mica is 8 and that of the fibre
is 2.5, If the fibre breaks down when
subjected to electric field of 6.4 x 10¢ v/
m, find the safe voltage that can be applied
to th_c capacitor,

‘Two capacitors eonnected in parallel and

~charged toa p.d. of 100V store an energy
" of 5x 10 2 J. When they are connected
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in series and connected to same p.d. of
100V they store an energy of
1.2 x10~ 1. Find their capacitances.

10. 720 capacitors each of capacitance 10 F

are connecteéd in parallel and charged to
ap.d. of 50 KV. Find the cost of charging
if electric energy costs Rs. 2.00 per Kwh.

Calculate the equivalent capacitance of the
‘combination between p and Q as shown

in Fig. below. [CBSE 2000]
T
<y J s
—s Golepr o
‘“firj 5

12.  Four capacitors are connected as shown

in Fig below. Calculate the equivalent
capacitance between the points X and Y.

With, C, =2uF,C, =3uF, C, =5uF
and C, =10pF . [CBSE 2000]

ti—sy

13. Calculate the equivalent capacitance

between points A and B for the network
of infinite number of capacitors as shown

in fig. below with C =2 pF.
[CBSE Sample Paper]

4P e
gl e e T L

Long Answer Type Questions :

gt

Derive the laws of combinations of
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capacitors connected in series and parallel.
[CHSE 99A, 95A)

Define capacitance. What is its unitin S.I.
system ? Mention its dimensions ? Derive
an expression for the capacitance of two
concentric spheres. [CHSE 94 S,96S]|

What is a capacitor ? Derive an expression
for the capacitance of a parallel plate
capacitor, - _

Derive an expression for the energy stored
in a capacitor. Find an expression for the
energy density in an electric field E in free
space. :

What are the different types of capacitors
in use. Describe briefly each case giving
emphasis on electrolytic capacitor, Can
electrolytic capacitor be used in a circuil
containing a.c. only.

True - False - Type Qﬁutions

The energy of a capacitor, resides in the
field between the plates.

Earth can be given unlimited charge.

We can give as much charge as we wish
to a capacitor.

The dielectric constant of a conductor is
infinite.

When a dielectric is introduced between
the plates of a capacitor (1 condenser) at
a constant potential difference, the charge
on the plates remains unchanged. :

Two adjacent conductors that carry the
same positive charge can have a potential
difference between them.

Three different capacitors are connected
in series and charged by a battery. They
will bave equal charge.

The force of attraction between the plates
of a parallel plate capacitor of area A and
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10.

charge qisq7/2 ¢, A.

|
The energy stored in a capacitor is 2 CV.

The capacitance of a parallel plate
capacitor is given as €, €, A/d, where A
is the area of the plates, d is the distance
between them.

Fill in Blank Type Questions

When the condensers are connected in
series their capacity........

The equivalent capacitance of the
capacitor in Series IS ........... than the
minimum capacitance connected in
series.

The capacitance of a capacitor ...........
when a dielectric redium is filled between
the plates. ’

The capacitance of a conductor .........
when an earth-connected conductor is
brought near it.

Two parallel metal plates carry charge +Q
and -Q, respectively. A test charge placed
between them experiences a force F.
Now the separation between them is
doubled, then the force on the test charge

The capacitance of a parallel plate
condenser does not depend on .......... of
the plate.

A 2 pF capacitor is charged to potential
200V and then isolated. When il is
connected in parallel with a second
capacitor which is uncharged, the

10.

11.

19
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common potential becomes 40V. The
capacitance of the second capacitor is
........... pF.

The energy stored in a capacitor of
capacitance C and holding charge q

Two capacitors each of capacitance 1 pF
are connected in parallel. The effective
capacitance of the combination is .........

Two capacitors each of capacitance Y2p F
are connected in series. The effective
capacitance of the combination is ..........

The capacitance of a spherical conductor
is I pF. Itsradius is ............

Correct the folloing sentences :
Unit of capacitance is coulomb.

The capacitance of a parallel plate
capacitor of area A, distance of separation

between the plates d, is g,e A/d”.

Energy stored in a capacitor is (1/2) CV.

The effective capacitance of three
capacitors of capacitance 2uF each, and
connected in parallel is (2/3) pF.

The redius of a spherical conductor of
capacitance IpF is 9x 10" m.

The capacitance of a capacitor decreases
when a dielectric is introduced between
the plates.

When the capacitors are connected in
series their capacitance increases.
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ANSWERS )

A.

Ft

Multiple Choice Type Questions :

. @ 2 @ 3. @ 4 (@ S5 @ 6 @ 7. (© 8 (b
9. © 10. (a8

Numerical Problems :
1. 05pnF
2. (a) 100,
(b) In ten rows, each row having 10 capacitors connected in series,
3. (a) 100pC,100pC, 100pC
(b) 25x10*3, 1.67x107*], 0.83x10*J
() 1.0x107°) (Hint W=Vgq)
1.33x10'°C, 797x107"°]
1.08 x 10*7

2
Hint AW—._._E-%._L.E_I. 42
2 n+5 4ng |y 1§

%
;

) %
6. 24/25  Hints A

7 P =
8. 5200V

[Hint E=E K =E,K,, E,=64x 10° V/m, where E is the electric fold in free
space of the capacator .

Vl-:-\.fz=El dl+Ezd2]

(h)

i
4

9, 4uF,6pnF
10. Rs. 5.0 11.  (8/3)uF.
12. SuE 13 (B-1)E=0732F.

(1) True (2) True (3) False (4) True (5) False (6) True (7) True (8) True (9) False (10) True.
(1) decreases (2)Less (3) Increases (4) Increas_es (5)F (6)Metal (7) 8 1F (8)q¥/2c (9)

1 u [y
2uF (10) 7 1F (1)9x 10°m
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Magnetostatics

4.1 Magnets:

Magnetostatics deals with properties of
magnets and magnetic materials. Properties and
effects of magnets are conveniently studied
using the concept of magnetic poles. A magnetic
pole plays a role similar to that of electric charge
in electrostatics. However, unlike isolated
charges, an isolaed magnetic monopole does not
exist. The property of magnetism by which a
piece of magnetite which is an ore of iron attracts
small prieces of iron and shows a particular
direction when suspended freely, was known
as early as 600 B.C.

The property by virtue of which a
substance can attract iron filings (magnetic
materials) is called magnetism. A body having
the property of magnetism is known as a magnet.

There are two types of magnets :
i) Natural magnets :

Natural magnets are pieces of a naturally
occuring iron ore known as magnetite ( Fe,0, ).

Natural magnets have the following
demertis.

a) They have weak magnetism.
and b) They have irregular shapes.

ii)  Artificial or permanent magnets :

These are powerful magnets, made of
hard steel or special alloys, prepared in the
laboratory. Each atom of these magnets behaves
as a small magnet known as an atomic magnet

or elementary magnetic dipole. When these
atomic magnets of the substance are randomly
oriented forming closed chains, it is
unmagnetised. (fig. 4.1 (a)).

(AN

(a) unmagnetised

2

wluv!nr
1rlu1r1nr
!rlmuh

LAAAAA
YTYYYTYY

(b) magneti;ed
Fig. 4.1

When all the atomic magnets of the substance
are made to align in one direction artificially, it
gets magnetised. (fig. 4.1(b)).

4.2 Properties of a magnet :
Basic properties of a magnet are as follows :
i)  Poles of a magnet :

Every magnet has two poles known as
south pole and north pole. These are situated
near the ends of the magnet.

ii)  Attractive property :

A magnet attracts small pieces of iron. If
a bar magnet is dipped in a lumpof iron filings,
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maximum number of iron filings are attracted
at the two regions near the ends of the magnet.
The poles are located in these regions. As one
goes from these two poles towards the centre
of the magnet, number of iron filings sticking
to the magnet gradually decreases. This indicates
that the attractive power of the magnet is greatest
at the two poles.

iit)  Directional property :

A freely suspended bar magnet or a
pivoted magnetic needle always comes to rest
in the geographical north-south directions.
Depending upon their seeking of geographical
directions, poles of a magnet are named i.¢. the
pole seeking geographical south is-named as
south pole while the pole seeking geographical
north as north pole.

William Gilbert showed that earth itself
behaves as a huge magnet. Near the
geographical north-and south poles of the earth
respectively, situated are south and north poles
of the earth’s magnet. This causes the directional
property of the magnets which in tum led to the
development of mariner's compass. In good
olden days these were extensively used for
navigation purposes.

iv)  Nature of force between magnetic poles :

If two similar poles of two bar magnets
are brought near to each other, it is observed
that they move away from each other while two
dissimilar poles come closer to each other. This
shows that like poles repel whereas unlike poles
attract. . .

v)  Poles always exist in pairs :

Two poles of a magnet can never be
separated i.e. a magnetic monopole does not
.exist. If amagnet is broken into two pieces, each
piece behaves as a magnet having two poles. If
we go on breaking until the atomic scale is
reached, the atom behaves as a magnet known
as an atomic dipole. Even subnuclear particles
have magnetic dipole moments but amonopole
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does not exist. However, scientists ar¢ probing
the existence of magnetic monopoles.
Incidentally, two electric polesi.e. positive and

‘negative charges of an electric dipole can easily

be separated. Thus an electric monopole has
independent existence whereas a magnetic
monopole does not exist.

4.3 Bar magnet:

A magnet in the shape of arod ora bar is
called a bar magnet. Its two poles appear near
its ends. Pole strength is designated by m. Iis
unit is weber (Wb) or A-m. The distance
between the south pole and the north pole is
called as magnetic length, usually denoted by
2 ¢ . The magnetic length 2 ¢ is found to be 84%
of its geometric length. (fig. 4.2)

}——— Geomerric length ———

S ' N
——— Magnetic length ———]
. Fig. 4.2

Magneric moment (M) of a bar magnet is
defined as the product of its pole strength and
magnetic length.

M=2m/ (4.3.1)

Magnetic momentis a vector quantity. Its
direction is from south pole to north pole. Its
unitis A-m* or Wh-mor J T ! (Joul per tesla).

4.4 Magneticdipole:

A combination of two opposite magnetic
poles of equal strength separated by a small
distance is called a magnetic dipole. Pole
strength of south and north poles are represented
by -m and +m respectively similar to the charges
of electric dipole.

4.5 Maggnetic field :

Magnetic field of a magnet is the modified
region of space surrounding it, in which any
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other magnetic pole brought in experiences a
force.

Consider a region free of magnetic field.
If a magnetic pole is placed in this region, it
will not experience any force but it will modify
the property of the region in such a way that if
any other magnetic pole is placed in this region
it will experience a force. This modified region
of space due to the presence of a magnetic pole
or a magnet is known as magnetic field.

4.6 Magnetic lines of force :

A magnetic field is pictorially represented
by magnetic lines of force similar to the
representation of electric field by electric lines
of force. No such lines of force exist in reality.

A magnetic line of force is defined as a
line, straight or curved, such that the tangent to
it at any point gives the direction of magnetic
field at that point.

Due to an isolated pole alone, lines of force
are straight whereas due to a magnet, the lines
of force are curved (Fig. 4.3).

*r B

(a)

Fig. 4.3

[Magnetic lines of force due to (a) North pole
(b) South pole (c) Bar magnet]

Arrow head on the lines of force gives the
direction in which a free north pole assumed to
be left on a line of force moves.

In the regions where lines of force enter
or lecave the magnet, magnetic poles are located.
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4.7 Properties of magnetic lines of force :

i) They are continuous curves.

ii)  They leave from N-pole and enter
at S-pole and continue inside
magnet upto the north pole making
closed curves (unlike electric lives
of force). '

iii) The tangent at any point on the line
of force gives the direction of
magnetic field at that point.

iv) Two lines of force donot intersect
each other. If so, at the point of
intersection, two tangents can be
drawn giving two directions of the
magnetic field (at a point) which is
impossible.

v)  Lines of force are crowded in the
region of strong magnetic field
whereas they are widely separated
in the region of weak magnetic
field.

(a)

Fig. 4.4
4.8 Coulomb's law of magnetism :

Although monopole does not exist, the
idea of isolated magnetic poles is quite useful
to understand the concepts of magnetism like
Coulomb's law.

_ Coulomb's law states that the force of
antraction or repulsion berween two magnetic
poles is directly proportional to the product of
their pole strengths and inversely proportional
to the sqaure of the distance between them.

Let ‘m; and m, be the pole strength of »
two magnetic poles separated by a distance r.
According to Coulomb's law, the force (of
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attractiom between unlike poles and repulsion
between like poles) between them is given by

Fa my mop
2
r?
Combining these two relations, we have
mmjy
Fa ——=
r2
mym
oo F=K [Tz .(48.1)

where K is a constant of proportionality. Its
value depends on the medium between the poles
and the system of units chosen.

49 Coulomb's law in different system of
units :

There are two ways in which the value
of K in eqn. (4.8.1) can be specified. One way
1§ to' define a unit pole and obtain the value of
K. This is done'in ¢.g.s. electromagnetic system
of units. Alternatively choosing the value of K
a unit pole can be defined therefrom. This is
done in S.1. syster.

i)  Coulomb's law in c.g.s. (emu) system :

A unit pole in egs-emu system is defined
as one which exerts a force of one dyne on

another identical pole placed at a distance of
Icm in free space from it.

. ey

'
o L |
i

F = | dyne, if m =m,= 1 unit,r=1cm
Eqn. (4.8.1) gives

1 K%
1
or K=1/4 v (oo
Thus in cgs system coulomb's law of
magnetism can be written as
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m;.m
l;_ = ..(4.9.1)
r

F =

ii) Coulomb's law in S.I. system :
In SI system K is chosen as g—‘l where
n

Mo is the permeability of free space and its value

is 4nx1077Wb/A-m or Hm" (henry per
meter). In S.I. system Coulomb's law takes the
form

Po 1M

E =
4n [‘2

(4.9.2)

Let us, now, define a unit pole using eqn. (4.9.2)

If  m;=m,=%l (+fornorth pole and - for

south pole)
and r=1m,
F=Fo_j07N
4n

A unit pole in SI system is one which

‘when placed at a distance of one meter from a

similar pole of same strength in free space, will
repel it with a force of 10 7 Newton.

Coulomb's law as expressed in eqns.
(4.9.1) and (4.9.2) is valid if poles are situated
in vacuum, If there is a material medium in the
space between the poles, the force between them

gets modified. In that case Ho ineqn. (4.9.2) is
to be replaced by . p is the characteristic of
the medium and is known as the permeability
of the medium,

In vector form Coulomb's law in free
space in SI can be written as
5 _ Bo MMy .
F s s AT
dn 2 .(4.9.3)
The force acts along the line joining the
two poles and T is the unit vector directed from
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one pole to the pole which experiences the force.
Nature of pole strength for north pole is positive
and south pole is negative.

4.10 Magnetic induction :

Magnetic induction at a point in a
magnetic field is the force experienced by a unit
north pole placed at that point. Itis also known

as magnetic flux density. It is denoted by B..
If a north pole of strength m experiences

a force F at any point then the magnetic
induction at that point is

e
B=—
3 .(4.10.1)

or F=m,B ..(4.10.2)

Magnetic induction is a vector quantity. Its unit
in S.I is N/A-m or tesla (T) or Wb/m?.

The c.g.s unit of magnetic induclior[ is dyne /
ab A- cm or gauss

1 Tesla= 10" gauss

4.11 Magnetic induction or magnetic field
due to an isolated magnetic pole :

Consider an isolated magnetic pole of
strength m at a point 'O’ in free space or in air.
Let P be a point at a distance r from the point
'0' (fig. 4.5). Imagine a unit north pole si tuated
atthe

m : 'B
O , P
e

>

Fig. 4.5

point P. The force experienced by this unit n-
pole is numerically equal to the magnetic
induction due to the magnetic pole of strength
m and it is obtained by substituting m; =m, m,
=1 ineqn. (4.9.2)

. B,

Il

Ho M
ﬁ-r—f @.11.1)

In vector form

R to Ma
Bo = 3 r .(4.11.2)

_bom T
P .(4.113)

where © is the unit vector along OP and

>
T=0P-

If the isolated magnetic pole is situated in
an infinite magnetic material medium of
magnetic permeability p , magnetic induction
at any point in that medium is

B=t D¢ .(4.11.4)

Example 4.11.1 What is the magnetic
induction due to a magnetic n-pole of su'cngd'n
10 A-m at a distance of 10 cm in air.

Solution :

Magnctié. induction in ;i_r,
pte m
4n 1
10
007

Example 4.11.2 What force does a N—pole of
4 Am experience at a point where magncuc
induction is 2.5 gauss. Y

Solution : SRR
Force experienced by N-pole i is
F=mB
- —4x2.5x10"N 5
Q03N v e
107N parallefto B, ™7

2107 x—2_ 107 Wbm?



4.12 Magnetic intensity or magnetising
field :

Magnetic intensity (H ) at a point in a
magnetic field is defined as the ratio of magnetic
induction at that point to the permeability of the

um.
s
1)
_ 1 m, \
> 4_-5.1._2'- (using eqn. 4.11.4)
.(4.12.1)
In free space
- B Lo,
B9 _ 1 W !
e Mo " 4n 2 T (usingeqn.4.11.2)

-(4.12.2)

From eqns. 4.12.1 and 4.12.2, it is clear
that magnetic intensity is independent of material
of the medium.

i) S.Iunitof His Am"
ii)  c.g.s unit of H is Oersted

1Am ! = 4n x 10_3 oersted

Example4.12.1 What is the magnetic intensity
due to a S-pole of strength 4 A-m at a distance
of 10 cm from the pole.

Solution :
m=4g Am,r=0.1m
Magnetic intensity H =™
4'."! rz

1 4n
4n (0.4)°

=100Am ™!

100Am ™" towards S-pole.
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4.13 Magnetic potential :

Magnetic potential ar a point in a
magnetic field is the work done by an external
agency in bringing a unit N-pole from infinity
to that point against the magnetic field.

The magnetic potential due to a pole of
strength m at a distance r from the pole in air is
given by

Ho M
V=""-—

P .(4.13.1)
(The derivation of eqn. 4.13.1 is similar to that

of electric potential due to a point charge) The

unit of magnetic potential in S.1. is JA Im L,

The magnetic induction and potential are related
to each other in component form as

ov ov v
.B:-_a- ¥y ayan Bz _a

_ oy

or B=—E

Example 4.13.1 Two similar poles each of
strength 20 Am, are 20 cm apart in air. What is
the (i) magnetic potential (i) magnetic induction
at the mid point of the line joining the two poles.

Solution :
" m=20Am,r=0.1 m-

) V=Vi+V,

m Lo, M
= ror L Jftoy IO

dn ' r 4nm r
720
=2x1077 x—
el R T

=4x10JA Im™!
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i) B=B,+B,

=0 (Since B, and B, due to the two

similar poles at their mid point equal in
magnitude and opposite in direction)

Example 4.13.2 The value of magnetic
induction and potential due to each pole of a
horse-shoe magnet at the mid point of the line
joining the two poles are B and V respectively.
Find the resultant (i) induction and (ii) potential
at the same point.

Solution :
) [B|=[B
=2B (-.,- magnitude and direction
are same)
i) 'V= Vl -+ V2
oo M B W
T4nr 4n
=)

4.14 Magnetic induction or magnetic field
due to a bar magnet :

@)  Atapoint on its axis (End-on position)

A position on the magnetic axis of a
magnet or magnetic dipole is called end-on
position. Let SN be a bar magnet of magnetic

length 2 £ and pole strength m. Let P be a

Fmmmm2fm ==

s S 3| et -
S 0 N | B P By
T 5w =
F=—-(d—£)---
b= (d+6) —====-=== |
Fig. 4.6

point in the end-on position at a distance d from
tne mid point of the bar magnet (fig. 4.6). The
magnetic field at P due to north pole is

EN Ho M
4n (d- 02 alonng

The magnetic field at P due to south pole
is '

Mo
an (d+0)%

—3
along PN

The resultant magnetic field at P due to the bar
magnet is

ﬁp =ﬁN +ES

_Ho [ m + (=m)

-
“an|d-07 @+ f)z:l along NP

_pem (d+ 0% —(d-0)° -
el (dz_f2)2 along NP

_ Hem 4d(

=y
T ik '(dz_fz)g along NP

_ Mo 2Md
" 4n (42 - 2)? along NP

- Ho  2Md

B e )
B o BT (4.14.1)

Since M = 2m ( and the direction of the

= - ->
magnetic moment M is parallel to NP.

Magnetic field strength at the end-on
position of the bar magnet is

L
Ho
_1 oW
an (42 - %) (4.14.2)
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For a short bar magnet i.e. for a magnetic
dipole, { << d, magnetic induction at an end-
on position 1s

= iy 2M

Bp =%, —

dx @b ..(4.14.3)
b) Atapoint on its equatorial line (Broad-
side-on position) : .

A line which is the perpendicular bisector
of the bar magnet is known as an equatorial line.
A position on this line is called broad-side-on
position. Let Q be a point on the broad-side-on
position of the bar magnet SN, at a distance d
from its mid point 'O". Let the pole strength of
the magnet be m and its magnetic length be

2 £(fig. 4.7).

Fig. 4.7

Magnetic field at Q due to north pole of the
magnet is

—)
B =E2. mNQ
4 (NQ)®
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Magnetic field at Q due to south pole of the
magnet is

-
B = Mo MOS
4n (Qs)?

But NQ= QS= \h:l2 + 02

The resultant magnetic field at the broad-
side-on position Q due to the bar magnet is

EQ "_"EN +§5

NQ+QS

According to the triangle rule of vector

- -

addition, in the ANQS, NQ+QS = NS

_’
The magnitude of NS is 2/ and its

direction is anti parallel to magnetic moment M
of the bar magnet.

Mo mx2(

=~ -3
BQ A W pamllel to NS.
By=te M __ _@uag
4n (d>+£2)"?

‘The negative sign.in eqn. (4.14.4) shows
the magnetic field is antiparallel to the magnetic
moment.

The magnetic intensity at the braod-side-
on position at the point Q due to the bar magnet
i

-

» Bg
HQ'- Ho
= )

..(4.14.5)

Can (@ + "
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Magnitude of the magnetic intensity is

1 M
= .(4.14.6)
Q 4 (d- + f3)312
Magnetic field at broad-side-on position at Q
due to a short magnet or magnetic dipoleis -
e M
BQ = 'Z':: .—3
d
From eqns. (4.14.3) and (4.14.7) itis clear
that for a magnetic dipole B, = 2 B, i.e.
magnetic field at end on position is twice that
of broad side on position provided distances of
the positions are the same

(4.147)

¢) Atanypoint:

.J Msin0 °

Fig4.8

Let R be a point situated anywhere in

space around the magnet SN. Let (d, 6) be its
polar coordinates w.r.t. the origin 'O". To obtain
magnetic field at the point R, let us resolve
magnetic moment M of the magnet into two
rectangular components M cos 6 along OR and

M sin® perpendicular to OR.
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The point R is now in the end-on-position
with respect to M cos@ component and

magnetic field at R due to M cos § component
is, using eqn. (4.14.3),

Again, the point R is in the broad-side-
on position w.r.t M sin@ component and

magnetic field at R due to M sin8 component
is, using eqn. (4.14.7),

The resultant magnetic field at the pointR (d,0)

Bg = B2 +B}

= “—".E\Mcos2 0+sin20
4n g3 :

18

B M

: l+3c0529
4n

o

..(4.14.8)

Let the resultant magnetic field B, make
an angle o with OR, then

RREN0 -/ %lane .(4.14.9)

e

The eqns. (4.14.8) and (4.14.9) can
generate back, the magnetic fields at the end
on position and broad-side-on position as
follows :

i) If 8=0°, the point R lies on the axial
line. Using eqn. (4.14.9) we have

tan® = tane =0 .. a=0° i.e. magnetic field
is parallel to axial line and hence parallel to
direction of magnetic moment of the magnet.
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Using eqn. (4.14.8) we have
o 2M
R™4n 43
It is same as eqn. (4.14.3)

ii) If ©=90°, the point R lies on the
equatorial line, using eqn. (4.14.9) we have

%mn9=tana=co

so=90°

i.e. magnetic field is perpendicular to
equatorial line. Hence it is antiparallel to the
direction of magnetic moment.

Using eqn. (4.14.8), we have

Ho M

S

4n g3
It is same as eqn. (4.14.7)

Example 4.14.1 What is the magnetic field in
air at a distance of 30 cm from the mid point of
a magnet of magnetic length 20cm and pole
strength 80 Am, on its axis.

Solution :
M=2m(=80x02=16 Am’

d=03m, { =0.lm

) Bo _ 2Md
e e
-7 2x16x03

x 2 )
[(03)" —(0D)°)

=15x10°T

Example 4.14.2 Calculate magnetic induction
in air at a point distant 50 cm from each pole of

a magnet of magnetic moment 10 Am’.
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Solution :

M= 10 Am’

Va2 + €2 =05m

B M
4n (d® + %)

=107 x —'9-5=8.0x 107°T

(0.5)

Example 4.14.3 The magnetic induction at an
end on position of a small bar magnet is 10 gauss.
What will be the magnetic induction at the
broad-side-on position, keeping the distance
same 7

~ Solution :

Due to a short bar magnet
B(end-on) = 2 B (broad-side-on)

|
.. B (broad-side-on) = =2 10 = Sgauss

4.15 Torque experienced by a bar magnet
or magnetic dipole in a uniform
magnetic field :

Let a bar magnet of magnetic length 2 (
and pole strength m be placed in a uniform
magnetic field B such that its magnetic moment
M makes an angle 6 with the magnetic field.

=2

N
/77
Y A 2isin@
1]
[/) 1
4 J i
S/f_' :
.&B‘_L*f-_..l

Fig. 4.9

-

r T T T

l==1}

v

|
T
|
*

YYTYTYTYTY Y VWY

The force, due to the magnetic field B, acting
on the N-pole is m B along the field while on
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the south pole it is m B opposite to the magnetic
field. These two equal and opposite forces
constitute a couple. Torque (T) of the coupole
is

T=mBx2/( sinf

=MB sin 9 -4.15.1)

where M =2m ( is the magnetic moment of the
bar magnet. This torque tries to rotate the magnet
so as to align it in the direction of magnetic field.

In vector form
T=MxB ..(4.15.2)

Example 4.15.1 What is the moment of the
couple required to keep a magnet of moment 2

s » 2 at 30° to the earth's horizontal magnetic
field of 0.3 gauss.

Solution :
M=2Am?,9=30°,B=03x10°T
T=MBsin f

=2x03x10%x 5
=03x 10* Nm

4.16 Work done in rotating a bar magnet
in a uniform magnetic field :

We have seen in sec. 4.15 that to keep a
magnet in a uniform magnetic field B in an

angular position 6 with the magnetic field, an
external agent must apply a torque MB sin8 in
a direction opposite to the torque applied by the
magnetic field. To rotate the magnet from 0 to
0+ dO , the external agent must do work on
the magnet and it is given by

dW=Td6

=M B sinb d6

Total work done by an external agent to rotate
the magnet from 0°to © is

103

wa = TMBsin 0do
0 0

or  W=MB (l-cos0) ...(4.16.1)

Work done by an extemal agent to rotate the
magnet from 8, to 6, w.r.t magnetic field is

e.‘
W= [MB sin6 do
0,

= MB (cos 8; —cosf,) ..(4.16.2)

This work is stored as the potential energy of
the field-magnet system. Thus

U(05) - U(8;) = MB(cos 0, —cosB,)
.(4.163)

Potential energy U of the magnet is zero when
9=90"Let 6, be 90°and 6; =0 . Substituting
in egn. (4.16.3), we have

- U(8)=MBcosH

or  U(8)=-MBcosO=-MB ..(4.164)

Thus potential energy of a magnet in a uniform
magnetic fieldis U( 0)=-M.B.
When the magnetic moment of the

magnet is. parallel to magnetic field, it is in
equilibrium and it has minimum potential energy

U=-MB (. 6=0°)

Example 4.16.1 A magnet is parallel to a
uniform magnetic field. If it is rotated through
60°, the work done is 8 x 10 J. How much
work will be done in rotating it through another
30°?

Solution : ,
wW=8x107J, 0, =60°,

0, =60 30° = 90°
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W = MB (1-cos 8)
8x107 = MB(1—cos60°)
. MB=16x10"%J
W' = MB(cos 8, —cos6,)
= MB(cos 60° —cos 90°)
=iMB=8x107"J

4.17 Terrestrial magnetism :

About 1600 A.D. William Gilbert gave
the first satisfactory evidence for the existence
of terrestrial magnetism i.e. magnetism of the
earth. The observed magnetism of the earth can
roughly be portrayed as if it were a huge bar
magnet within the earth, with its axis displaced
about 17° from earth's axis and considerably
shorter than earth's diameter (fig. 4.10). Two
magnetic poles, each of strength about 8.0 x
10# Am? are located in northermn Canada and
in Antartica, both at considerable distance from

geographigal poles.

Geographic
7

Fig. 4.10

A compass needle aligns itself in a north-
south position with its north pole pointing
towards north. This pole indicates the présence
of earth's magnetic south pole in northern
hemisphere and magnetic north pole/in'southern
hemisphere.
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On his first voyage to America,
Columbus observed that a compass needle does
not point directly north and that it does not
everywhere point in the same direction. This
deviation of the reading of the compass needle
from true north is called magnetic declination.

The actual direction of magnetic field of
the earth at most places is not horizontal. If a
magnetic needle is mounted on a horizontal axis
through its centre of gravity, its north pole will
dip in northern hemisphere while south pole will
dip in southern hemisphere, Such a needle is
known as dip needle which determines direction
of earth's magnetic field at a place.

The theory of earth's magnetic field is not
yet well understood. It may be due to circulating
electric currents induced in the molten liquid
and other conducting material inside the earth.

The concept of a huge magnet at the centre
of earth is purely hypothtical, only to explain
the magnetic field of the earth, As the interior
of the earth is at a very high temperature, no
magnet can exist without meeting.

4.18 Some terms
‘geomagnetism :

£

connected with

i) - Geomagnetic axis :

It is the axis of the geomagnet. It cuts
earth's surface at two points, viz., geomagnetic
north pole (near the geographic north pole) and
geomagnetic south pole (near the geographic
south pole)

ii)  Geographical axis :

The axis about which the earth rotates is
called the geographical axis or polar axis. It is
also the line joining geographic north and south
poles of the earth.

iii) Magnetic axis :

*"A line joining the north and south poles
of a freely suspended magnet on the surface of
the earth is called magnetic axis.
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iv) Magnetic equator :

The plane perpendicular to the magnetic
axis of the earth and passing through all those
points, where a magnetic needle aligns parallel
to earth's surface i.c. becomes horizontal,
intersects the earth's spherical surface into a
circle. This circle is called magnetic equator.

v)  Magnetic meridian :

A vertical plane passing through magnetic
axis of a freely suspended magnet is called
magnetic merdian.

vi) Geographic meridian :

A vertical plane passing through
geographic axis is called the geographic
meridian.

4.19 Magnetic elements of earth :

The earth's magnetic field at a point on
its surface is completely specified by three
quantities : (a) declination or variation (b)
inclination or dip and (c) horizontal component
of earth's magnetic field. These are known as
the elements of earth's magnetic field, '

a)  Declination or variation :

The angle made by the magnetic meridian
at a point with the geographical meridian is
called the declination at that point.

Magnetic needle stays in equilibrium in
magnetic meridian. Hence the north direction
shown by the needle makes an angle equal to
the declination with the true north and navigators
have to take care of it. Declination at a place is

expressed as 8°E or 8° W. For example,
declination at Delhi is 2° E. It means that north
pole of a horizontal compass needle will point
2°E to the geographical north-south direction.

b)  Inclination ordip (§)

The angle made by earth's (resultant)
magnetic field with the horizontal direction in

the magnetic meridian at a place, is called the

inclination or dip at that place.
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In northern hemisphere, south polarity of
earth magnet exists and hence, north pole of a
magnetic needle dips (goes down). Angle of dip
at the magnetic poles is 90° and at the magnetic
equator it is 0°, Thus angle of dip varies from 0°to
90" from place to place on the surface of the earth.

Thus the knowledge of declination and

inclination completely specifies the direction of
earth's magnetic field.

¢)  Horizonral component of earth's magnetic
field (B W

Horizontal component of earth's magnetic
field is the component of earth's magnetic field
in the horizontal direction in the magnetic
meridian.

Geographical
North. =
Geographical_|5}

meridian

Magaetic /

North

Fig. 4.11

Fig (4.11) shows all the three magnetic
elements of the earth. Starting from the
geographical meridian let us draw the magnetic
meridian at an angle 0 (declination). In the
magnetic meridian let us draw the horizontal
direction specifying magnetic north. The
magnetic field is at an angle & (dip) from this
direction. Total or resultant magnetic field (B)
of the earth is related to its horizontal component
(B,)) as - :

or B=By/cosd AR R b
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Thus, from the knowledge of the three
elements, both magnitude and direction of the
earth's magnetic field can be obtained.

Vertical component of earth's magnetic

field By =Bsind

By

tanB = — -(4.19.1)

B= B +B
4.20 Apparentdip :

It is the angle of dip in a vertical plane
other than magnetic meridian. Consider a
vertical plane making an angle o with the
magnetic meridian. Horizontal component (B',))
and vertical component (B',) of earth’s
magnetic field in this plane are related to those
in magnetic meridian by

By =By cosa and By =By
If &' is the apparent dip in that plane, then

lan5'=B—V By i tand

By Bycoso " cosa

(using eqn. 4.19.1)
..(1.20.1)

i) If&=0°‘ 6“-_8

ity Ifa=90°, 8 =90%i.e. ifadipneedleis
rotated through 90° from magnetic meridian,
magnetic needle will point vertically downward.

Consider two mutually perpendicular
vertical planes each one on either side of
magnetic meridian making angles o and oy
respectively with it. Let §,and &, be the

apparent dips in these two planes respectively.
Using eqn. (4.20.1) we have
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tan &
Cos oy

lﬁﬂﬁ: =

or  cotd; =cosay.cotd

or  cot? o) = cos” ml.cot2 &
Similarly
cot? 0y = cos? U2.0012 0

=sin” c.cot® &
(i ) +ug = 900)

2

corgﬁl +cot’ 87 =(cos” oy +sin® 8)cot® §

or  cot?d; +cot’ 8y =cot’s | -(420.2)

Thus, knowing apparent dips in two
mutually perpendicular vertical planes, using
eqn. (4.20.2), true dip at a place can be
determind.

Example 4.19.1 What is the dip at a place
where horizontal component of earth's magnetic
field is equal to the vertical component ?

Solution :
By =Bcosd and By = Bsind
But By =By
B cos & =Bsind
tan & =1
5 =45°
Example 4.19.2 The earth's magnetic field is
3.6 x 10 T at a place where the angle of dip is

60°. What is the horizontal component of earth's
magnetic field ?

Solution :

Horizontal component By = Bcos

=3.6x|0“5x-;-

= 18x107°T
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Example 4.19.3 The carth’s total magnetic field
is same at two places but dips are 30° and 60°
respectively. Compare the earth’s horizontal
fields at the two places.

Solution :
By =Bcosd
B'H=Bcosﬁ'
By _ Cosé _ V3 =3:1

B), cosd 2x

Vo b

Example 4.20.1 The apparent dip in a plane
making an angle of 60° with magnetic maridian

is tan ' 2. Find the value of true dip.
Solution :

a=60" 8 =tan"'2

1and
cos oL

tand' =
1

or tand=2x—=1
2

-, True Dip & = 45°

Example 4.20.2 The apparent dips in two
mutually perpendicular planes are 38° and 90°
Find the value of true dip.

Solution :

5, =38°. 5, =90°

o %3 % 4 .
cot“o=col” o) | col
=cot®38° +0
5=>5, =38°

4.21 Neutral point :

Earth has its own magnetic field
everywhere. If a bar magnet is placed on the
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surface of the earth, at some points, horizontal
component of magnetic field of the earth and
the magnetic field of the bar magnet become
equal and opposite so that net magnetic field
becomes zero. Such points are called neutral
points. A compass needle placed at the neutral
point will not show any preferred direction.

Neutral point is a point in the region
around a magnet where its magnetic field is
neutralized by the horizontal component of
earth's magnetic field.

i) Neutral points observed (on the surface
of the earth) due to a bar magnet placed
in the magnetic meridian with its

a)  North pole pointing towards north

In this case two neutral points are
observed, each one on either side of the magnet
on the perpendicular bisector of the magnetic
axis of the magnet. These poipts are broad-side-
on positions of the bar magnet. The magnetic
field of the magnet at these points are given by
the eqn. (4.14.4) as

B_B P‘o M

“Bun @iy? 2L

At neutral points, B = B, where B is the
horizontal component of magnetic field of the
earth. Itis worth mentioning here that in the case
of a freely suspended bar magnet many neutral
points are observed in its equatorial plane.

b)  North pole pointing towards south

In this case two neutral points are
obtained, each one on either side of the magnet
on its magnetic axis. At these points magnetic
field of the bar magnet is obtained by considering
them on end-on positions and using eqn.
(4.14.1) we have

i _ Mo 2Md
B.— By = dn -__( 22 )2 ..(4.21.2)

Thus with the help of a bar magnet,
knowing its magnetic moment M, measuring
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experimentally d and [, using the eqn. 4.21.1
or 4.21.2 we can determine horizontal
component of magnetic field of the earth at a
place.

Example 4.21.1 A short magnet produces a
neutral point at broad-side-on position at 20 cm
from the magnet. If the earth's horizontal field

is 4 x 107 wb/m? , find the magnetic moment
of the magnet.

Solution :
: o M
At neutral point B=By = -2 x—
o =P e d3
o M=—2 B yd

Ha:

=107 x4 x107° x(0.2)°
=32 Am’
i)  Neutral point due to a single pole :

The single pole is realised by a long

magnet placed vertically on the surface of the
earth. The effect of upper pole is neglected as
the magnet is long. Only one neutral point is
obtained due to single pole.

a) When north pole is on the
horizontal plane, a neutral point is obtained to
the south of the pole;

m
B= B“"Ed_z

b) When south pole is on the

horizontzal plane a neutral point is obtamed to

the north of the pole;

m

B=B
41: dz '

Example 4.21.2 A very longmﬁgnea is placed

vertically with one pole on the table, A neutral

point is obtained at 5 cm from the pole. If the
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" pole strength is 0.9 Am, find horizontal

component of earth's field at that place.
Solution :
At neutral point,

09
(05)

=10"" %

=036x107* T
4.22 Magnetic properties of materials :

Magnetic moment of an atom is mostly
due to spin and orbital motion of its electrons.
A pair of electrons in an atom will have a
tendency to cancel their magnetic moments e.g.
the magnetic moments of the two electrons of
helium atom cancel each other. Thus in a number
of materials, resultant magnetic moment of their
atoms is zero. But in some cases, the magnetic
moment of an atom is not zero. Such an atom
behaves as a magnetic dipole having a
permanent magnetic moment. Let us concentrate
on materials made of such atoms.

In an unmagnetised specimen of a
material, their atomic dipoles are randomly
oriented and net magnetic moment of the
specimen is zero. However, when the specimen
is kept in an external magnetic field, torques act
on the atomic dipoles and these torques try to
align them parallel to the field. The alignment
is partial due to thermal motion of atoms which
tries to dealign the atomic magnetic moments.

“ The degree of alignment increases with increase

in strength of magnetic field and with decrease
of temperature.

4.23 Intensity of magnetization (I)

Intensity of magnetization is defined as
the magnetic moment developed per unit volume

 of the specimen, when it is subjected to a

uniform magnetic field. Thus
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M

I=—

= .(4.23.1)

Iis a vector quantity. Its direction is in the direction

of the magnetic moment. Its unitis Am™.
Consider a bar magnet of pole strength

m, magnetic length 2 ¢ and area of cross section

{ P

a. ’

.£{4.23.2)

T hus, for a bar magnet, the intensity of
magnetization may be defined as the pole
strength per unit area, area being perpendicular
to the direction of magnetization.

4.24 Magnetic intensity or Magnetizing field
intensity H.
When a magnetic field is applied to a

material, the material gets magnetized. The.

degree to which a magnetic field can magnetize

a material isexpressed by a vector H,called as
magngfic intensity. Its magnitude is equal to the
number of ampere turns flowing round the unit
length of a solenoid required to produce that
magnetic field. Thus, the magnetic intensity due
to a current carrying solenoid of n turns per

meter is _
H = ni ampere turns/meter  ...(4.14.1)
where i is the current in the coil.

Magnetic induction inside a long solenoid
without any magnetic material in it is

By = pgni = poH .(4.24.2)
or H=-2 (4.24.3)
Ho

Thus, the magnetic intensity due to a

currentelement i d( is, from Biot-sayart law,

_l_id?xi"
47t |"2

dH =

_...(4.‘24.4)‘
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The magnetic intensity due to a magnetic
pole of pole strength m at a distance r from it is
(usingeqn. 4.11.1)

a2

o ..(4.24.5)

We note here that H does not depend on
the material of the medium. The magnetic
intensity in a material is determined by the
external sources only, even if the material is
magnetised.

4.25 Magnetic Induction or magnetic flux
density B :

When a magnetizing field H is applied
to a magnetic material, it gets magnetized. The

net magnetic induction B in the material due to
the magnetizing field H is now regarded as the
sum of the magnetic induction B in vacuum
and the magnetic induction B_ dueto induced
magnetism of the material. Thus

B=B,+B, -.(4.25.1)

Intensity of magnetization [ is related to

B, by
B, =u,l
B= pH+p,l
= p,(H+I) ..(4.25.2)

We note here that H and I have same unit Am™'.

Example 4.25.1 A tightly wound, long
solenoid of 25 turns/cm carries a current of
2.0 A. Find the magnetic intensity and the
magnetic field at the centre of the solenoid.
What will be their values if an iron core is
inserted in the solenoid, given the intensity

“of magnetization in the iron core is 4.0 x10°

Am™'.
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Solution :

The magnetic intensity H at the centre of
the solenoid is

H=ni
=25x10°x2=5.0x 10° Am™'
The magnetic field

B=p,H
=4nx107 x50 |

=625mT

When the iron core is inserted, the value of H
remains the same as 5.0 x 10 Am™' whereas B
becomes

B=p,(H+I)
=4nx107(5%10% +4 x10%)

=5.035T.
4.26 Magnetic susceptibility (x) :

It is a measure of the ease with which a
material can be magnetized by a magnetising
field intensity H. It is defined as the ratio of
intensity of magnetization I produced in the given
material to the magnetizing field intensity H.

A== ..(4.26.1)

H
As 1 and H have same units, % is unitless i.e.
dimensionless quantity. In vacuum, I = 0 and
hence % =0. For paramagnetic materials X is
positive as 1 is positive. For diamagnetic
materials % is negative as L is negative.

4.27 Permeability :

Magnetic induction in amagnetic material

due to a magnetizing field H is given by eqn.

(4.25.2)as.
B = po(H+D)
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= Hy(H+yH)
(using eqn. 4.26.1)
= po(l+0)H
= pH (4.27.1)
where p=pn,(l+%) .(4.27.2)

it is a constant called permeability of the
material. For vacuum, ¥ =0, p=p,is the

permeability of vacuum, Mo =47 x 10”7 Wb
A'm"' or Hm'!

B ;
Again, B=— .(4.27.3)

H

The permeability of a material is defined as the
ratio of magnetic induction in the material to
the magnetising field.

u B
The constant B, =—=—=1+7%
BU

(4]

..(4.27.4)
is called relative permeability of the material.

Relative permeability of amaterial is the
ratio of the permeability of the material to the
permeability of vacuum.

Relative permeability is a pure number.
Its value for air and many other "nonmagnetic"
substances is practically equal to unity.

Example 4.27.1 An iron rod of cross-sectional

area 5x104m? is'placed parallel to a

magnetising field of 2x10°Am™" . The

magnetic flux through the rod is 4 x 10~* wb.
Calculate (i) the permeability (ii) the relative
permeability and the susceptibility of the rod.

Solution«
Magnetic flux ¢ =4 x 10~*wb
Magnetising field H= 2 x 10 Am ™!
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Area of cross-section A = 5x 10 *m?2

Permeability = o= <
cay B = = AH

__ 4x10™
5x107* x2x10°

=40x10*Hm™

40x107
Relative permeability Hr = £ - no—-l.—=318
>
Susceptibility ¥ = p, —1 =317
4.28 Curie's law :

Curie's law states that the susceptibility
of an unsaturated paramagnetic substance is
inversely prportional to its absolute temperature.

Fr 1
ST

C

x=?

where C is known as the Curie constant.

.(4.28.1)

When a feromagnetic material is heated, it
becomes a paramagnetic al a certain
temperature. This temperature is called Curie
point or Curie temperature. Above this
temperature, the susceptibiltity varies as

Cr

T (4282)

x:

Where C'is aconstant and T_ is the curie point.

This law (eqn. 4.28.2) is known as the Curie-
Weiss law for ferromagnetics. Curie point for
Iron is 1043 K, for Cobalt is 1394 K and for
Nickel is 631 K.

429 Classification of Magnetic Materials :

Faraday observed that all substances have
certain magneétic properties. Historically, the
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classification of magnetic materials was done
in terms of the response of substances to
magnetic fields. Experimental study, by putting
various substances one by one in the region of
intense magnetic field suggests that there are at
least three kinds of magnetic materials viz., (i)
Diamagnetic substances, (ii) Paramagnetic
substances and (iii) Ferromagnetic substances.

4.30 Diamgnetic substances :

The substances, which when placed in a
strong magnetic field, acquire a weak
magnetism in a direction opposite to that of
applied magnetic field, are known as
diamagnetic substances. Hence diamagnetic
substances are weakly repelled by strong
magnets. Bismuth, sodium chloride, quartz,
copper, zinc, silver, gold, dimond, mercury,
nitrogen, water etc. are some of the examples
of diamagnetic substances.

In 1905 P. Langevin explained the origin
of diamagnetism. Consider an electron of charge
e moving in a circular orbit of radius r with a
speed v and angular velocity o . The circulating
electron produces a current i = ne where n is
the frequency of revolution of the electron. The
magnetic moment M produced by this current
is equal to the current times the area of the orbit

M=iA =ne xm’z——xm'z-——xm'
2n 2nar

or, M= nrone = %uirze = % ver ..(4.30.1)

Diamagnetism is observed in those
substances in which atoms or molecules have
even number of electrons which form pairs such
that the orbital and spin motions of each electron
are equal and opposite to those of the other so
that the net magnetic moment produced by each
pair of elegtrons is zero.

When an external magnetic field is
applied to a diamagnetic substance, one electron
of each pair gets slowed down while the other
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electron gets accelerated. Consequently, the
magnetic moment in the former case decreases
while in the latter it increases. Hence every atom
gets a net magnetic dipole moment in the
presence of external magnetic field but in a
direction opposite to it. This phenomenon of
dacquiring a magnetism in a direction opposite
to the direction of magnetizing field is called
diamagnetism and such materials are called
diamagnetic materials.

c)

Properties of diamagnetic substances :

a) Diamagnetic substances are weakly g
repelled by strong magnets. They move
towards the region of decreasing
magnetic field.

b) A freely suspended diamagnetic barin a
uniform magnetic field comes to rest at
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right angles to the direction of the
magnetic field.

Intensity of magneiisalion I is directly
proportional to magnetic intensity H

I=x H

However, the subsceptibility % isasmall
negative quantity ( Z < 0) so that a
diamagnetic substance gets magnetised in
the opposite direction of magnetising field
H.

Since B=p, (1+7)H and % <0, it

follows that B < p H . Magnetic field

inside the material is less than that outside
it(fig. 4.12 a).

t.‘
- =4 Lo
L i RIS —'&r— S ‘:\"'——\=
 —h A N
TR R, e e ool ‘;- j -
“'—b’—"’""/ IH N\ = /f,__/
B<p H
- (a) Diamagneti¢ substance in a magnetic field
- /—
j—-—'r—-?’-—
L —
L

(b) Paramagnetic substance in a magnetic field

T, A—— —
- e '7‘

LT IS ) o ATl

TR T f L BUTH £

Fig. 4.12

2o
B>p H

B>>p H

i “(c) Ferromagnetic subslan_(-:cjn a magnetic field
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¢) Since u, =(1+y) and % <0, it follows
that relative permeability of a diamagnetic
substances is less than unity.

f)  Unlike paramagnetic substances, the
susceptibility  of diamagnetic substances
is independent of temperature. This
incidently suggests that basic causes of
dia and paramagnetic behaviour are not
opposite of each other.

g)  Diamagnetism is a universal effectie,, it
is a common property of all substances.
The reason why some substances are
paramagnetic or ferromagnetic is that
diamagnetism is a very weak effectand it
casily gets masked in case of substances
that have either paramagnetic or
ferromagnetic behaviour.

4.31 Paramagnetic substances :

The substances, which when placed in.a
strong magnetic field, acquire weak magnetism
in the same direction as the external magnetic
field are known as paramagnetic substances.
Hence these substances are weakly attracted by
a strong magnet.

Aluminium, platinum, sodium,
manganese, magnesium, chromium, oxygen etc,
are examples of paramagnetic substances.

Langevin also explained paramagnetism.
Paramagnetic substances are characterized by
molecules having a permanent magnetic
moment similar to the permanent electric dipole

moment possessed by the atoms of a polar

dielectric.

Inan unmagnetised paramagnetic sample,
molecular magnetic dipoles are. randomly
oriented so that net magnetic moment of the
sample is zero. When a paramagnetic substance
is subjected to an external magnetic field, each
molecular dipole experiences a torque tending
toalign it in the direction of magnetic field. This

tendency for alignment is opposed by the's 0= -
random molecular movements caused by -/
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thermal agitation. At any given temperature,
therefore, a state of equilibrium is set up and
this determines the resultant induced magnetic
moment in the direction of external magnetic
field. Thus intensity of magnetization of a
paramagnetic substance increases with increase -
in strength of the external magnetic field and
with decrease in temperature until its saturation
oceurs. Thus, for a paramagnetic substance, well

pefore its saturation occurs
lTaH
|
a‘-—q
T
or 1= T where C is a constant
1_¢C
H, T
e e, whes X = 47)

The susceptibility of a paranagnetic
substance is inversely proportional to its

absolute temperature. This is known as Curie's

law.
Properties of pmmgnéﬁcwbsmus :

a) Paramagnet;c substances are- weakly
attracted by strong magnets. They move
towards the region of increasing magnetic
field strength.

b) A freely suspended pammagnetic bar in

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

9) Intensny ofmagnensanen}mies linealy
with b+
y=-2
The constant of proportionality % is
' known as susceptibility of the material and
it is a small positive guantity. Thus a
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‘paramagnetic substance gets magnetized

in the direction of magnetising field H.

d) Since B=p (1+y)H and 3 >0, it

follows that B> pu H. Magnetic field

inside the material is more than that
outside it (fig. 14.12.b).

e) Since p,=1+% and 3 >0, it follows

that relative permeability M, of a
paramagnetic substance is greater than
unity.

fy The magnetic susceptibility of a
paramagnetic substance varies inversely
as its absolute temperature T,

This relation is known as Curie's law for
paramagnetism.

g)  Paramagnetism occurs in those substances
in which molecules have permanent
magnetic dipole moments, Hence it is not
auniversal phenomenon.

4.32 Ferromagnetic substances :

The substances which are strongly
magnetised by a relatively weak magnetic field
and acquire magnetism in the direction of the
external magnetic field are known as
ferromagnetic substances. Hence these
substances are strongly attracted by magnets.

Fe, Co, Ni, Gd and Dy etc. are examples
of ferromagnetic substances.

Iron vapour and iron ions in a solution

exhibit only paramagnetism whereas solid iron

is a ferromagnetic. The above fact suggests that

ferromagnetism is not the property of individual

atoms but of the crystals that make up a
fennnmgnenc material.

Fcrromagneusm uccurs in those -
substances in which atoms possess pepn;qunt_? :

dipole magnenc moments as in paramagnetism
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as well as a quantum interaction called
exchange coupling among the dipole moments
of neighbouring atoms. Due to exchange
coupling, the dipole moments of neighbouring
atoms are strongly coupled to form microcrystal
regions called domains. In each domain there is
a perfect alignment of atomic dipole moments.
Each domain has about 10% atoms. A
ferromagnetic substance has a large number of
domains which have their magnetic moments
(represented by arrows in Fig. 4.13) randomly
orineted in an unmagnetized sample.

Fig. 4.13

When an external magnetizing field is
applied, the domains which are nearly parallel
in orientation with this field increase in size at
the expense of other domains, As the field grows
stronger, rotation of magnetic moment within
domains takes place, and saturation is reached
when all domains are aligned in the direction of
magnetic field, If a ferromagnetic substance is
heated, above a certain temperature, called as
Curie point the exchange coupling disappears,
domain strucutre ceases and the substance
becomes paramagnetic.

Properties of ferromagnetic materials :
a)  Ferromagnetic substances are strongly
. attracted by magnets. They move towards
the region of increasing magnetic field
strength.
b) . A freely suspended ferromagnetic bar in
- aunifom magnetic field comes to rest in
the direction of the magnetic field.
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c)

d)

8)

Unlike dia or paramagnetics, the intensity
of magnetisation I of a ferromagnetic
substance is not proportional to H, Not
only that, I is also not a single valued
function of H i.e., there is no unique value
of I for a given H.

In a sense, a ferromagnetic is a stronger
paramagnetic substance. In fact there is a
magnetic transformation temperature for
each ferromagnetic substance; below this
temperature the material behaves like a
ferromagnetic while above it, it behaves
like a paramagnetic. This temperature
(T,) is the Curie temperature of a given
ferromagnetic. Above this temperature,
the susceptibility will vary as
c

—

e )

where C' is a constant and T and Tc are
absolute temperatures. This law is known
as the Curie-Weiss law.

Since B=p (I+x)H and % >> 0, it

follows that B >> p H i.e., magnetic

field inside the material is very much
greater than that outside it .(Fig. 4.12 ¢)

Relative permeability M, >>1 for a

ferromagnetic substance.

A ferromagnetic substance exhibits an
effect known as hysteresis. However,
some materials are soft ferromagnets while
others are hard ferromagnets. They are
distinguished on the basis of areas of their
hysteresis loops. Soft ferromagnets have
small loop areas, while hard ferromagnets
have comparatively larger hysteresis loop
area. One can make permanet magnets from

hard ferromagnetic substances only which -

have large retentivity and large coercive
force as discussed in detail beJow. -
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4.33 Hysteresis :

The magnetisation of a ferromagnetic
material is not a definite function of H but is
found to depend upon the previous magnetic,
internal and mechanical treatment of the
specimen. This behaviour of ferromagnetics is
known as hysteresis.

— e e

Fig. 4.14

Fig. (4.14) shows a typical magnetization
curve when H is increased in steps from zero.
To start with a ferromagnetic sample which has
no initial magnetization and H=0, then 1 = 0.
This corresponds to the point O. As Hincreases,
magnetization increases. Soon the magnetization
acquires a saturation value (point A)
corresponding to an ap'plied field H_upto which
the magnetization varies along the path OA.
Now suppose, H is gradually decreased. The
magnetization decreases but the path OA isnot
retraced. As H becomes zero, [0 i.c., some
magnetization is left in the sample. The domains,
that were aligned at the time of increasing H,
are not completely at random as the magnetic
intensity H is reduced to zero. Thus, the value
of I lags behind H. Lagging of I behind H is -
known as hysteresis. The remaining value of I
at the point C is called the retenuvnty of the
material. :

Now let the field be reversed and
increased in the reverse direction in steps. The
value of H needed to make 1 =0 is called the
corcive foree. In fig. (4.14), the cocrcive force
is represented by the magnitude of H
commésponding to OD. On increasing the field
in the reverse direction, the material gets
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magnetized in the opposite direction. The
magnetisation. I follows the path DE as the
magnetic intensity becomes k H . As His
reduced to zero from - H_, magnetization I
follows the path EF. Finally if H is increased in
the original direction, the point A is reached via
FGA. If we change H cyclically from H_ to -
H_to H_ the curve ACDEFGA is retraced.

The curve ACDEFGA is called the hysteresis

loop. The area of the hystersis loop is
. proportional to heat energy developed per unit
volume of the material as it undergoes through
one complete hysteresis cycle.

4.34 Softiron and steel :

Steel has larger retentivity, coercive force
and area of hesteresis loop than those of soft
iron. Soft iron is easily magnetised by a
magnetising field but only a small magnetisation
is retained when the field is removed. Also, loss
of energy, as the material is taken through
periodic variations in magnetising field, is small.
Materials like soft iron are suitable for making
electromagnets and cores inside current carrying
coils to increase the magnetic field. In
transfermers, moving-coil galvanometers etc.,
soft iron core is used in the coils.

Materials like steel are suitable for making
permanent magnets because once these
materials are magnetised, a large magnetisation
is retained (as retentivity is large) when the
magnetizing field is removed. Moreover, the
magnetisation is not easily destroyed even when
the material is exposed to stray reverse fields as
its coercive force is also large.

4,35 Tangent law :

The tangent law states that if a freely
suspended magnet is subjected to two uniform
magnetic fields, say B and B, at right angles to
each other, it comes to rest making an angle @
with the field B, where

B=B, tanf ..(4.35.1)
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To establish this law, let us consider the
fig. (4.15) in which the two uniform magnetic
fields B, and B are at right angles to each other.
The magnet NS is in equilibrium making an
angle g with B_ and it is subjected to two
couples as shown in the fig. (4.15)

B
A mB
 NZ/b B,
s
’ i
/4
Ao
2
o L »B
i i
/ i
‘ 1
S’I, :
» . |
mB, (s ] v -

Fig. 4.15
i) Restoring couple :

The field B, acting on two poles of the
magnet each of pole strength m produces two
equal and opposite forces *mB, forming a
couple known as restoring couple since it tries
to bring back the magnet in the direction of B
which is usually horizontal component of earth's
magnetic field. The torque of the restoring couple

B ]

1, =mB,2(sin®  ..(4.352)

where 2( is the magnetic length of the magnet.
ii)  Deflecting couple :
The field B produces two equal and

oppositeforces + mB forming a couple known
as deflecting couple as it tries to increase the

angle of rotation of the magnet 6, The torque
of the deflecting couple is
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T, =mB. 2(cos®  ..(4.353)

When these two couples are equal and
opposite, the magnet comes to equilibrium
position making an anlge 6 with the magnetic
field B,. For equilibrium of the magnet,

2m BlcosO= 2mB, (sin0

or B= B, tan0 ..(4.35.4)

Principle of tangent galvanometer is based
on the tangent law. The pivoted magnet of the
tangent galvanometer is subjected to two
rectangular fields - horizontal component of
earth's magnetic field B_and field B due to a
circular coil carring current i,

Hohi
2a i

B= ..(4.35.5)

whére n is the number of turns in the coiland a

is its radius. When the magnet of tangent
galvanometer is in equilibrium, using tangent
law (4.35.4), we have

Hohi

= B, tanb
23 |4 '
or i= [ZaBe_] tan®
Hol
= K tan® ...(4.35.6)
where K = 248, is.a constant for a given
- Hon

tangent galvanometer and is known as reduction
factor of the galvanometer. Knowing K, current

can be measured in terms of 0.

If =45, i = K. K is the value of the
current needed to produce a deflection of 45 in
the tangent galvanometer.
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'SUMMARY
MAGNET

A body which can attract iron filings is
called a magnet. Natural and artificial magnets
are two varieties of magnets.

Properties of a magnet :
“i) It has two poles : south and north.

i)  Attractive power is maximum at the
poles

i) A freely suspended magnet is
always aligned in north-south
diréction of the earth.

iv) Like poles repel and unliké poles
attract.

v)  Poles always exist in pairs. No
monopole exists.

MAGNETIC DIPOLE

Two opposite poles of equal strength
separated by a small distance is a magnetic

dipole. Magnetic moment M=2m (. It is a
vector., [ts direction is from south pole to north
pole. Its unit is Am in SI and abA-cm in cgs.
(emu)

MAGNETIC FIELD

The modified region of space arround a
magnet is said to be its magnetic field. It is
pictorially represented by magnetic lines of force.

Properties of lines of force

i) They are continuous curves leaving
from north pole and entering at
south pole.

ii)  Tangent at any point on the line of
force gives the direction of
magnetic field at that point.

iii)  Lines of force never intersect.

iv) . Inaregion, crowded lines of force
indicate strong field whereas widely
separated lines of forée indicate
weak field.
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v)  Number of lines of force per unit
normal area is proportional to the
field strength.

COULOMB'S LAW OF MAGNETISM

.The force of attraction or repulsion
between two magnetic poles is directly
proportional to the product of their pole
strengths and inversely proportional to the square

of the distance between them.
Ko ‘MM :
F= —=.
i 2 in Sl system
mym
F= 12 2 in cgs system

where 1, is known as absolute permeability
of free space and its value is 4rx1077
Wb/A-m. :

MAGNETIC INDUCTION

Magnetic induction at a point in a
magnetic field is the force experienced by a unit

north pole placed at that point
Bl
m

It is a vector. Its unit in S.I. is N/A-m or Tesla
(T) or Wb/m®. Tts unitin ¢.g.s is dyne / abA-cm
or gauss. '

1 Tesla = 10* gauss
Magnetic induction due to an isolated magnetic
pole

Hg M

bo 7

i) in free space B, = .
n

e |

'r'

ula

i)  inamagnetic medium B = 4£-

MAGNETIC INTENSITY (H)

It is the ratio of magnetic induction and

permeability of the medium.
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In free space H = —O—LE
In a medium H= 2 el
Wo4n

H is independent of the material of the
medium. Its unit in (i) SIis Am™ and (ii) cgs is
oersted (oe) :

IAm ! =4 %107 oe

MAGNETIC POTENTIAL (V)

Magnetic potential at a point is the work
done in bringing a unit north pole from infinity
to that point.

Magnetic potential due to a pole of
strength m at a distance r is

yo Mo m
4n r
Itis ascalar and its unitin SIisJA'm™.
Magnetic field due to a bar magnet
a)  inend-on position is
_ ky  2Md
PT 4n (d2-0)
b)  inbroad-side-on position is
.y A
Bq an (42 +(2)"2

Due to a short magnet, for same distance

Bp = 'ZBQ (for r<<d)

Torque (T) exprienced by a magnet or magnetic
dipale in a uniform magnetic field (B) is

T=MBsin0

T=MxB
Work done in rotating a magnet in a uniform
magnetic fleld from an angular position 8 (w.r.t
magnetic field) to 6, is

W = MB(cos 0 —cos0,)
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Potential energy of a magnet in a uniform
magnetic field is

U=-M.B
TERRESTRIAL MAGNETISM

It is the magnetism of the earth. Magnetic
field of the earth is completely specified by three
quantitites known as magnetic elements of the
earth. They are

a)  Declination or variation (9 )

Itis the angle between magnetic meridian
and geographical meridian at a place.

b) Inclination ordip ()

It is the amgle made by earth's magnetic
field with the horizontal direction in the
magnetic meridian at a place.

It varies from 0° (at the magnetic equator)
to 90° (at the magnetic poles).

¢) Horizontal component of earth's
magnetic field (B )
It is the component of earth's magnetic

field in the horizontal direction in the magnetic
meridian.

- B_V } 2 2
tand = BH,B= B\r'-l-BH

where B, is the vertical component of earth's
magnetic field.

APPARENT DIP

It is the angle of dip at a place in a vertical
plane other than magnetic meridian.

NEUTRAL POINT

It is a point around a magnet where
resultant magnetic field (due to the earth and
the magnet) is zero.

A bar magnet, kept on the surface of the
earth, will have two neutral points.

A long bar magnet kept vertically on the
surface of earth will have only one neutral point
on the surface of the earth.
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Magnetic properties of materials
Intensity of magnetization (I)

It is the magnetic moment developed per
unit volurme of a material in a uniform magnetic
field.

m
a

l= =

M
v

where m is the pole strength, a is the area of
cross section of-the bar magnet.

Magnetic induction or magnetic flux density (B)
B=u,(H+I)

Magnetic susceptibility %

o
‘==

Magnetic permeability

In free space, gy = By
H,

: : B
In a magnetic medium p = =

= ioI+2)

He=R/po=1+ X

-where K, is the relative permeability of a

material. It is a pure number.
CURIE'S LAW

The susceptibility of an unsaturated
paramagnetic substance is inversely
proportional to its absolute temperature.

%= % where C is Curie constant.

Classification of magnetic materials

According to response of substances (o
magnetic field, these are classified into three

groups :
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i) . Diamagnetic substances

The substances which acquire a weak
magnetism opposite to magnetising field are
known as diamagnetic substances.

Properties of diamagnetic substances

a) These are weakly repelled by strong
magnets.

by I= % Hwhere X <0.

¢) Magnetic field inside the diamagnetic

material is less than that outside i.e.

B<u,H.

d) p.<l

e) Its susceptibility is independent of
temperature.

f) Diamagnetism is a universal phenomenon.
ii)  Paramagnetic substances

Substances which acquire a weak
magnetism in the direction of magnetising field
are known as paramagnetic substances.

Properties of paramagnetic substances

a) These are weakly attracted by strong
magnets

b) 1:* xHwhere x >0
¢ B>pH
d p,=l+y .‘.p,.>l

e) xai
f)- Itisnota universal phenomenon.
iii) Feromagnetic substances

Substances which acquire a strong
magnetism in the direction of magnetising field
are known as ferromagnetic sustances.

Properties of ferromagnetic substances

a)  These are strongly attracted by magnets.

Bureau's Higher Secondary Physics

b)  Iisnot asingle valued function of H.

¢) At Curie temperature, a ferromagnetic
material gets converted into paramagnetic
matérial.

d) B>>u,H

e) p,=1+y where p . >>1

f) It exhibits an effect known as hesteresis
unlike dia and paramagnetic substances.

g)  Unlike dia and paramagnetics, it consists
of micro crystalline regions known as
domains. In each domain, elementary
dipoles moments are directed in one
direction, In an unmagnetised specimen,
magnetic moments in different domains
are directed in random directions.

SOFT IRON

It is a-ferromagnetic material. It can be
easily magnetised and demagnetized. Its
retentivity and coercive forces are small. It is
useful for making electromagnets. It is used as
a core in the coils of transformer, moving coil
galvanometer elc.

STEEL

Itis a hard ferromagnetic material. It can
be easily magnetized but cannot be
demagnetized by stray fields. Hence it is used
for making permanent magnets. Its retentivity
and coercive force are larger than that of soft

mron.

SOLVED NUMERICAL EXAMPLES

1.  Two similar poles with pole strengths in
the ratio of 1 : 2 are placed Im apart.
Calculate the distance of the neutral point
from the smaller pole strength (neglect

_earth's field). -
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Solution :

P R Q
=l =
[ Im-—====== -

Fig. 4.16

Consider two poles of strengths m and
2m at the point P and Q respectively. Let
R be the neutral at a distance r from P.

|
or T =l+ﬁ=\5'l=0.4l4m

A long bar magnet has poles each of pole
strength 5 A-m. Find magnetic induction
at a point on its axis at a distance of 10
cm from the north pole of the magnet.

Solution :

5F

m
Magnetic induction B= 7 -5
;

3 sx1075T
0.°

= 10_? x

The magnetic moment of earth's magnchc
dipole at its centre is 8.0 x 107 Am’.
Calculate magnetic induction at the
geomagnetic poles of the earth. (Radius
of earth is 6400 Km)

Solution :

Geomagnetic poles are on the surface of
the carth at a distance 6400 km from the
centre of the dipole of the earth:

Magnetic induction due to a short dipole
at end on position is
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B—“” 2M

T 4n o
2x8x 1022

=7
— (T
(6.4 x10%)°

=061uT
If the earth's magnetic field has a
magnitude 3.5 x 107 T at the magnetic
equator of the earth, what would be its
value at the earth's geomagnetic poles 7

Solution :

A point on magnetic equator is broad-
side-on position w.r.L. earth’'s magnefic
dipole whereas geomagnetic poles are on
its end on positions.

. Bend-on = 2 X Bproad—side—on

=2x35x107

=T70uT
Two bar magnets each of magnetic
moment M, are inclined 1o each other at
an angle 60°. Find the resultant magnetic
moment of the combination if their (i)

south poles touch each other and (ii) south
and north poles touch each other.

Solution :

i)

i)

Resultant magnetic moment

M = MZ + M3 +2M;M; cos®

If two south poles touch each other, the
angle between two magnetic moments

6=60""

~M= M2+ M2 +2M3 x L

' “EMG
When south and north poles of two bar

magnetstouch each other 6=120°

M=Mo 1l
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6.  Magnetic induction B and the magnetic
intensity H in a material are found to be

1.6 T and 1000 Am™' respectively.

Calculate relative permeability Ky and
susceptibility % of the material. What is
the nature of the material ?

Solution : |
Absolute permeability of the material

B 16

p=—=——=16x10"TA'm
H 1000
Its relative permability
=3 _
r=£= 1.15:,:10—7 — 1274
B, 4nxIl0
x=n,—1=1273

nature of material is ferromagnetic as its
susceptibility % >> 1.

7. A magnetic dipole of magnetic moment
0.72 Am? is placed horizontally with its
north pole pointing towards south. Find
the positions of the neutral points if the
horizontal component of earth's magnetic
field at the place is 18uT.

Solution :

If the dipole is placed with its north pole
pointing south, two neutral points are
formed on either side of the magnet along
its axis. Let d be the distance of each
neutral point from the mid point of
magnetic dipole.

2x0.72

d®=He 2_NLI.=[0-" > Pl st b
18x10°°

4n By
=0.008
d=02m
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8.  Ashipistravelling due east according to
mariners compass. If the declination at that
place is 20° west. What is the actual

_ direction of its motion.

Solution :

Let dotted line N'S' represent magnetic
meridian which makes an angle 20° with
Geographic meridian NS fig. 4.17 i.e.
declination of the place is 20" west. As
the ship is travelling due east according
to the mariner's compass i.e. at right
angles to N'S', the actual direction of the
ship is as shown in the fig. i.e. 20° north
of east.

" Geographical
‘ .c
NZ f ob ol ‘,;“\?

N, A% ot
R 0\@5 o‘ & 3
&

Fig.4.17

9. The susceptibility of magnesium at 300K
is 1.2 x 107, At what temperature will its
susceptibility be 1.8 x 1075,

Snl;:tipn : _
Magnesium is a paramagnetic substance.

€
Its susceptibility ¥} = —

T
i T

u o
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MODEL QUESTIONS

)

Multiple Choice Type Questions :
Magﬁetisﬁ in a substance is due to
a) Orbital motion of electrons oniy
b) spin motion of electrons only

¢) both orbital and spin motion of
electrons.

d) None of the above cause magnetism.
A permanent magnet

a) attracts strongly a ferromagnetic
substance.

b) attracts weakly a paramagnetic
substance.

c) repels weakly a diamagnetic
substance.

d) All the above are correct.

Unit of magnetic intensity at a point in a
magnetic fieldinc.g.s systemis

b) gauss
d) Am™'

The angle between the magnetic moment
of a barmagnet and its magnetic field ata
point on its broad-side-on position is

a) 0° b) 45°
c) 90° d) 180°

a) oersted

¢) Tesla

Magnetic field due to a §h0rr magnet at a
point on its axis at a distance x cm from
its mid point is 8 gauss. At a distance 2x
cm on its axis, the magnetic field is

a) 4 gauss b) 2V, gauss

) 2'gau§s' d) 1 gauss .

Geonietric ‘Ienglh of a bar. magnet is
10cim! Tts magnetic length is
approximately | :

10.

11

b) 9¢em
d) 84cm

Domain structure is the characteristic
of a

a) 10cm

c) Sem

a) ferromagnetic substance
b) Paramagnetic substance

¢) diamagnetic substance

; d) All the above

“If the magnetic moment of atoms of a

substance is zero. The substance is a
a) ferromagnetic  b) paramagnetic
" d) all the above

Suspectibility of a substance is
independent of temperature. The
substance may be

¢) diamagnetic

b) diamagnetic
d) all the above

Curie-Weiss law is applicable for a
____substance.

a) paramagnetic

c) ferromagnetic

a) ferromagnetic
b) paramagnetic
¢) both of the above
d) non of the above

A paramagnetic substance is kept in a
magnetic field. The temperature of the
substance is decreased till its
magnetization becomes constant. If the
magnetic field-is now increased, its
magnetization

a) will increase
b) dearease
¢) remain constant

d) may increase or decrease
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12.

13.

14,

15.

16,

~¢)land H

Which of the following pairs has
quantities of same dimensions

a) Band H b) Band1
d) Hand 7
Pick out the correct option

a) Diamagnetism occurs in
materials.

b) A diamagnet.ic substance acquires
magnetic moment opposite to the
applied field.

¢) both of the above are correct
d) none of the above are correct

The desirable properties for making
permanent magnets are

‘a) high retentivity and high coercive

force
b) high rententivity and low coercive
force

¢) low retentivity and high coercive
force

d) low retentivity and low coercive
force

A magnetic needle is kept in a non
uniform electric field. It experiences

a) aforce and a torque

b) a force but not a torque.

¢) atorque but not a force

d) neither a force nor a torque

A freely suspended strong magnet hung
from a support will produce

a) two neutral points on it axis
b) two neutral points its
perpendicular bisector.

on

¢) many neutral points lying on a
circle in its equatorial plane.

d) many neutral points lying in its
magnetic meridian.

all

17.

18.

19.

20.

21.

|
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The following three substances are
respectively dia, para and ferromagnetic
substances

a) Nickel, Copper, Aluminium
b) Copper, Aluminium, Nickel
¢) Copper, Nickel, Aluminium
d) Aluminium, Copper, Nickel

If a bar magnet of magnetic moment M is
freely suspended in a uniform magnetic
field of strength B, the work done by the
magnetic field in rotating the magnet

through an angle 0 is
a) MB (1-sin0)

b) MB sin6

¢) MB cos6

d) MB (1-cos0)

The earth's magnetic field at a certain
place has a horizontal component 0.3
gauss and the total strength is 0.5 gauss,
The angle of dip is

Wi e

a) tan~ b) sin~

e |l

c) tan ™" d) sin”~!

L

A ship is sailing due east according to
mariner's compass. If the declination of

the place is 10° east, the true direction of
the ship is

a) 10° North of east

b) 80° North of east

¢) 10° South of east

d) 80° South of east

A magnet under the action of two uniform
perpendiculat lields B landBI makes an
angle.® with field B, in equilibrium. Then
a) B, =B, sing b) B‘=B;zcosa
c) Bl =B, tang d) B, =B, coth
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22,

B.

10.
11.
12.

13.
14.
15.
16.

5 e

At a place, apparent dips at two mutually
perpendicular planes are 30° and 60°. The
true dip of the place is

-1 ’1_0_ -110
a) cot 3 b) cot 3

¢) tan”! JJ? d)

Very Short Answer Type Questions :

tan~}

What is a magnet ?
What is magnetism ?

What are natural magnets and what are
their demertis ?

What are the basic properties of magnets ?

Name the scientist who discovered the
earth's magnetism ?

What is an artificial or permanent
magnet ?

What do you understand by term 'poles’
in the context of a magnet ?

Are the two poles of a magnet separable ?
If not, why ?

What is a magnetic dipole ?
Define a unit pole.
Define magnetic field.

What is the magnetic length of a bar
magnet ? Is it the same as its geometric
length. il i

What are the SI units of B, M and Ko ?
What isa gcographiqﬂ axis 7

What is 4 magnetic aixs?' =

What is a magnetic meridian ?

What is a geographic meridian 7

18.

19.
20.

21.

22

23.

25.

26.

27,

28.

29.

30.
3L

32.

34.

OR

_ some examples.

Bureau's Higher Secondary Physics

Does the magnetic axis of a freely
suspended magnet exactly show,the
geographic north-south direction ?

Define declination. [CHSE 94 S]

Define angle of dip orinclination.
. [CHSE 94 A]

What is the angle of dip at (i) magnetic
equator and (i1) at the magnetic pole ?
[CHSE of instant]

Define the strength of earth's magnetic

_ field.

What are nmgnétic elements of the earth 7

Can two magnetic lines of force ever
intersect each other ?

What are diamagnetic substances ? Give
some examples.

Define paramagnetic substances ? Give
[CHSE 90 S]

What are ferromagnetic substances ? Give
some examples.

What is magnetic permeability ?
[CHSE 89 S, 2002 A]

Define magnetic susceptibiltiy.
[CHSE 90 A]

Define magnetic induction.[CHSE 95 §]

Write a relation between B, B, and § of
earth's magnetic field.

How the relative permeability of a
substance is related to its susceptibility ?

Where on the earth's surface is the value
of angle of dip maximum ?[CBSE 2003]

What type of magnetic material is used
for making a permanent magnet ?

[CBSE 1996]
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35.

36.

Mention two characteristics of a material
for making a permanent magnet ?

[CBSE 2010]

What is the value of angle of dip at any

place situated on the magnatic equator of -

the earth ? [CBSE 1995]
In which direction would a compass
needle align if taken to geographic (i)
north pole and (ii) south pole.

[CBSE 2000]
Short Answer Type Questions :

Distinguish between a magnetic dipole
and an electric dipole.

Define magnetic dipole moment. Is it a
scalar or vector 2 What s its unit ?

Write the expression for the torque acting
on a magnetic dipole placed in a uniform
magnetic field ?

State Coulomb's law of force between
two magnetic poles, write the expression
in vector form.

Define magnetic field intensity of a
magnetic pole. Also give its symbol, unit
and direction.

Define magnetic lines of force. Depict the
magnetic lines of force (i) due to north
pole (ii) due to south pole and (iii) due to
a bar magnet, its north pole pomnng
North. :

Give some important properties of lines
of force.

What happens to its magnetic moment and
pole strength when a bar magnet is cut
into two pieces :

(1) transverse to its length
(ii) along its length ?
Name the three independent quantities

conventionaly used to spcmfy the earth's
magnetic field.

10.

11.

12,

13.

14.

15,

16.

7.

18.

19.

20.
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The angle of dip at a location in southern
India is about 18%. Would you expect a
greater or lower dip angle in Delhi ?

Distinguish between diamagnetic and
paramagnetic substances. [CHSE 98 A]

State the relation between permeability
and susceptibility of a magnetic substance.
- [CHSE 98 A]

What is the difference in the nature of
susceptibiltiy of diamagnetic and
paramagnetic substances. [CHSE 96 S]

Compare the susceptibilities of dia, para
and ferro magnetic substances.
[CHSE 94 A]

A magnet of length 2 { and pole strength

m makes an angle 0 with a uniform
magnetic field of strength H. What is the
value of the couple exerted on the
magnet ? [CHSE 99 A]

Express - angle of dip in terms of
horizontal and vertical components of
earth magnetic field.

What is the permeability of a substance
whose susceptibility is 21 ?
[CHSE 92 A] _

Compare the permeabilities of dia, para
and ferromagnetic substances.
[CHSE 94 A]

What will happen if a diamagnetic bar is
suspended in a uniform magnetic field ?
[CHSE 2000]

When two inagnetic poles of different
pole strengths are placed at a distance of
3 cm from each other in air, the effective

force acting between them is 5 CGS

upits. Find the pole strength for both if
their sum is 7 CGS units. [CHSE 2002]
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21.

t3
12

23.

D.

How dose the (i) pole strength and (ii)
magnetic moment of each part of a bar
magnet change if it is cut into equal pieces
transverse to length 7 [CBSE 2003]

The magnetic lines of force preférto pass
through iron than air. Explain why ?

[CBSE 1998,1999]

A hypothetical bar magnet (AB) is cutinto
two equal parts. One part is kept over the
other, so that pole C, isabove C,. If M is
the magnetic moment of the original
magnet, what would be the magnetic
moment of the combination, so formed ?

[CBSE Sample Paper]
A 8iCs B '
|
|
Numerical Problems :

. Find the force between two poles of
strength 4 Am and 9 Am placed at a -

distance 6.0 cm apart.

Two poles one of which is 4 times as
~ strong as the other exert on each other a

force equal to 50 mgwt when placed 10
cm apart. Find the strength of each pole.

A short bar magnet placed with its north
pole pointing south has a neutralpoint at
12.6 cm from its mid point. If the poles

" are reversed, find the distarice of a neutral

pomts - e
" Horizontal and vertical components of

earth’s magnetic field-at a place are 36uT
and |8uT respectively. Find angle of dip

R and earth's resultant magnquc field.

The magnetic field B and magnetic
m nsit I-Imamatenal are found to be
and goo Am’! rcspectwely “alculate

L O] 1S

'rcf tive permeability and susceptibility of

the material.

10.

11

2.

Bureau’s Higher Secondary Physics

A bar magnet of moment 10 Am? is bent
90" at its mid point. What is the magnetic
moment of the bent magnet ?

Find the intensity of magnetization if the
pole strength of a magnet of cross sectional
area 1.0 cm’ is 2 Am.

A bar magnet of pole strength 10 Am and °
magnetic moment 1.0 Am? is cut into 4

equal parts by cutting it perpendicular to
length and breadth. What will be the pole
strength and the magnetic moment of each

part.

~ Calculate the force on a magnetic pole of

strength 20 Am lying at a distance of 16
cmin front of a magnet of magnetic length
24 cm and pole strength 50 Am.

The magnetic moment of a short magnet
is 8 Am®, What is the magnetic induction
at a point 20 cm away from its mid point
on its (a) axial point (b) equatorial point ?

Each atom of an iron bar of volume 5 cm?
has a magnetic moment 1.8 x 10 Am’,
What will be the magnetic moment of the
bar in the state of magnetic saturation.

[Density of iron = 7.8 x 10* kg /m’,
Atomic weight of iron = 56, Avogadro's
number , N = 6.02 x 10%* / gm-mole.

Hint ; Magnetic moment at saturation =
sum of atomic moments of all atoms]

A bar magnet of magnetic moment 12.0
Am? is free to rotate about a vertical axis
passing through its centre. The magnet is
released from rest from east-west direction.
Find kinetic energy of the magnet as it takes
north-south position if horizontal component
of It_‘;m_‘lh's magnetic fieldis 30uT.

. The apparent dip in a plane making an

angle of 607 with the magnetic meridian
is tan™'(2). Find the value of true dip.
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A compass needle of magnetic moment
60 Am’ pointing geographical north ata
certain place where the horizontal
component of earth's magnetic field is
40T, experiences a torqueof 1.2x107
Nm. What is the declination of the place.
An iron bar 12 cm long on being placed
with its length parallel to a uniform
magnetic field of 10 Am™' is magnetised
and the strength of the field due to the bar
at a point on its axis at a distance of 25
cm from its middle point is found to be

20 Anr'. If the area of cross section of

the bar is 0.3 cm?, calculate the
susceptibility of iron.

The ;rerlical component of the earth's
magnetic field at a given place is /3 times
its horizontal component. If total intensity
of earth's magnetic field at the place is 0.4
G find the value of (i) angle of dip (ii) the

horizontal component of earth’s magnetic
field. [CBSE Sample Paper]

The horizontal component of earth's field

ata given place is (.4 x 10~ Wb/m? and
~ angleof dip is 30°. Calculate the value of
(i) vertical component (ii) Total intensity
of earth's magnetic field. [CBSE 2003]

Long Answer Type Questions :

Deduce an expression for magnetic
intensity at a point on the broad-side-on
positon due to & bar magnet.

[CHSE 96 A]

Define magnetic intensity at a point in a
magnetic field. Deduce an expression for
the magnetic field intensity at a point in
the end-on-position due to bar magnet.
[CHSE 2000 A]

What do you mean by end-on and broad-
side-on positions of a bar magnet ?
Deduce an expression for the magnetic

n
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intensity at a point in the broad-side-on
position due to a bar magnet.
[CHSE 99 instant]

Show that magnetic intensity in the end-
on position due to a short bar magnet is
twice the intensity in the broad-side-on
position at the same distance from the
same magnet. '

Define the terms : magnetic intensity,
magnetic induction, intensity of
magnetization, permeability and
susceptibility of a magnetic substance.
How they are related to each other ?

What do you mean by dia, para and
ferromagnetic substances ? Give two
examples in each case.

What do you mean by diamagnetism ?
Show that it is an universal effect. Discuss
propoerties of diamagnetic substances.

Iron is a ferromagnetic substance. Can it
be converted into a paramagnetic
substance ? If so, under what condition
and why ? Can we have a ferromagnetic
substance in a liquid form ?

Describe the properties which

distinguishes a substance whetheritisa
dia, para or ferromagnetic substance.

Define mﬁgnetioelemen‘ts of the earth.
Why they are so called ?

True- False - Type Questions

The angle of dip at magnetic pole is zero.
The line on earth's surface joining the

points where the field is horizontal is
called magnetic meridian.

The magnet:c susceptibility of a para
magnétic material changes mversely as the
absolute temperature.

Magnetisation and dema@assh}d[dn of soft

 iron is easier as compared 10 steel.
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10.

-
.

Magnetism in a substance is due to orbital
motion of electron only.

Unit of magnetic intensity at a point in a
magnetic field in C.G.S system is orested.

Curie-Weiss law is applicable for
ferromagnetic substance.

_ Diamagnetism occurs in all materials .

Copper is a diamagnetic substance.

Susceptibility is posmve for diamagnetic
substance.

Fill - in - Blank - Type Questions
The unit of magnetic dipole moment is......

The angle of dip at magnetic pole of earth
§ PEECE S and at the equator is............

Diamagnetic substances when placed in
a magnetic field, are magnetised in the
direction............. to the magnetic field.

‘Paramagnetic metarials when placed in a

magnetic field, are magnetised in the
direction.......... to the magnetic field.

Bureau's H:‘g!ier Secondary Physics

The angle between the magnetic moment
of a bar magnet and its magnetic field at
an equatorial pointis ......cc.ceu..

éorrect the following sgntenoes g

Unit of magnetic intensity in S.I system
1S gauss.

Curie-Weiss law is applicable for
diamagnetic substances.

B=py(2+y)H, where B is magnetic
induction, H is magnetizing field, and y is
magnetic susceptibility.

Curie's law states ¥ =C/T-, where 7is
magnetic susceptibility, T is absolute

- temperature and C is Curie's constant.

A magnetic dipole consists of two equal
charges separated by a short distance.

In the relation B=pH, pis called
permitivity.
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[ ~ ANSWERS ' )

A. Multiple Choice Type Questions :

. © 2 @ 3 @ 4 @ 5 @ 6 @@ 7. (@ 8. (©
9. (b) 10. (a) 11. ¢ 12. (c) 13. (¢) 14. (@ 15. (d) 16.(c)
17. (b) 18. (@) 19. ¢) 20. ) 21. (d 22. (a)

D. Numerical Problems :

1. 10°N
2. 35Am, 14 Am
3. 10cm

4. S=tan”! 05=295° .B=402uT
He'=3183, X=3182

5.

6. 52 Am?

7. 2x10' Am’

8. 5Am,0.25Am’

9. 30x10°N

10. 20x10*T, 1.0x 10* T
11. 7.55A. m?

12. 360 pJ

13. 45°

14. 30°

15. 4800

16. 60-,0.2 G,

17. 0.23x10™*wb/m?>0.46x10~* wb/m?

F. (1) False (2) False (3) True (4) True (5) False (6) True (7) True (8) True (9) True (10)
: False.

G. (1) ampere/meter’ (2)90%, zero (3)90 (4) parallel (5) 180°.
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Introduction :

_ In some of the preceding chapters we
have studied that electric charges at rest produce
electric field. We have discussed the proparties
of this field, its interaction with other charges
and the potential energy associated with these
charges. This background enables us to study
the charges in motion which is the cause of
electric current. Almost all marvels of electricity
and technological advances in the modern world
may be attributed to this current. In this new
chapter let us make a discussion on the
production of steady current and study the
related concepts like electric circuit, drift
velocity, current density and Ohm's law ete.

5.1 Electric Current :

Electric current is defined as the net time
rate of flow of charge carriers through an area
of a conducting medium. Conventionally, the
direction in which positive charge carriérs would
move determines the sense of current. It is.our
common experience that metals like copper,
iron, aluminium, silver etc. are treated as good
conducting media because of the presence.of
free electrons (i.e. valence electrons) in them.
In such a conductor of definite shape and size
the no. of free electrons is quite large. These
electrons move inside it like the frée molecules

of a gas; The motion is random and hence there
is no net flow of charge through any section of

the conductor in any direction. This results in - charges.

no current.

E .
A T B
- -— i — - -
- - -— -— R
- -— - -— -—
- -— -— - -—
Fig. 5.1

Such a conductor like AB (fig. 5.1) is an
equipotential surface having no electric field
inside it:

Let AB be subjected to an external

electrical field E as shown in fig. 5.1. The free
electrons in it experience a force in the opposite

direction of E. As a result there is gradual
accumulation of negative charge at the end A
and deficit of such charges at the end B. This
creates a potential difference between A and B

and gives rise to an internal electric field E'

within AB from B to A. Clearly E'is in

opposite direction of E. As E' increases in
magnitude! the process of accumulation of
charge slows down, finally becoming zero when

E'= _ E. Electric current exists within the
conductor during the process of such
redistribution of charges. It is not constant
though unidirectional. It exists for a very short
time as the entire process is almost
instaritaneous. The potenital energy stored in the
original charge distribution within AB is used

during the process of such redistribution of the
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A steady flow of charge within AB is
possible if the ends A and B of the conductor
are connected to the two sides of a device €
which continuously drags the -ve charge carriers
from the end A and supplies them to the end B
at a constant rate through a path other than AB,
(fig. 5.2). In otherwords, € does not allow the

field E ' to be formed. Then there is a

A C B
f ;

Fig. 5.2

continuous flow of -ve charge carriers from the
end B to the end A via., the point C. The device
€ is called a sources of electromotive force
(e.m.f.). Energy is supplied to the mobile charge
carriers by the source of emf. We shall make
more discussion about these sources in the next
chapter.

The entire cyclic path AKEBCA is
known as a simple circuit (fig. 5.2). The symbol
K in the circuit is called a key orswitch. It is
used at the time of making or breaking the
circuit. '
Expression for current :

Let Q be the quantity of charge flowing
steadily through any section of the conductor
in time t. Then the steady current I in the
conductor is given by

I=% . (5. 11)
When the current is not steady with time we
may express the instantaneous current i as

i= lim AQ/At

it (5.12)

Where AQ is the smallquantity of chargethat
flows in a short time At‘which may be taken as
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small as possible. In such a case egn. 5.1.1
represents the average current during the
interval t.

Unit of current

The S.1. unit of current is called "ampere’
(A). It is taken as one of the basic units now-a-
days like metre or kilogram. The dimension of
current is written as A. 'Ampere’ has been
named after the French physicist Andre Marie
Ampere. It has been defined on the basis of the
magnetic force existing between two current
carrying parallel wires and will be described in
detail in chapter 8. However, one ampere of
current is equivalent to the rate of flow of one
coulomb of charge per second through any
section of a conducting path.

w(5.1.3)

Since the magnitude of charge on an electron is
1.6 x 107" coulomb, one ampere is also
equivalent to a rate of flow of 6.24 x 10"
electrons per second. It is thus a very big unit of
current, Hence smaller units like miliampere
(i.e. mA = 107 A), microampere (i.c.

pA =10"°A)), nano ampere (i.e. nA = 107 A)
and picoampere (i.e. pA= 10"'? A) are often
used in different situations.

Electric current has two other C.G.S. units
like "Stat ampere' and "ab-ampere".

_ Lstat coul.

A stat amp. = —
S€cC.

1 e.m.u of charge
Isec.

| ab amp.=

It'may be mentioned here that

1 eoulomb = 3 x 107 stat.coulomb and
10.coulomb = 1l'e.m.u. of charge.

“The C.G.S.runits of .current are hardly
used now-a-days. Let us therefore use 'ampere’



134

as the unit of current through-out this book and
use the symbol A for it.

Ex. 5.1.1 A charge of 20 p C flows through a
conductor connected in a simple circuit in 2
seconds. Find the average current in the circuit.
Calculate the no. of electrons passing through
any section of the conductor per sec.

The average current =Q /t

20uC

2s
_20x107°C .
2 2s
=1075A =10pA

1A = 624 x 10'8 electrons / sec.

105 A = 624 x 10'8 %107 electron/ sec

= 6.24 x |03 electrons/sec.

Conventional direction of current :

As stated earlier electric current is
produced mostly by the motion of free electrons
in a conductor which is connected in a circuit.
These electrons are -ve charge carriers and hence
move in the opposite direction of the applied
electric field. In gaseous conductors and
electrolytes both types of charge carriers move
to make current. The positive ions move in the

direction of the field E whereas the negative
jons move in the opposite direction. Holes
which are +ve charge carriers each having the
magnitude of charge of an electron, move in

the direction of E in semi conductors of p-type.
However, all these facts were discovered much
later after the discovery of electric current.
Hence "THE DIRECTION OF FLOW OF A
POSITIVE CHARGE IS REGARDED AS
THE CONVENTIONAL DIRECTION OF
CURRENT." The suggestion was due to
Benzamin Franklin and was accepted by the

Bureau's Higher Secondary Physics

then scientific community. It has been retained
since then because of its historical importance.
One adyantage of this choice is that it always
determines the flow of charge (i.e. +ve charge)
from a point of higher potential to & point of
lower potential. It is analogous to the flow of
water from a higher level to a lower level.

Following this convention the direction
of flow of actual charge carriers in metallic
conductors i.e. the free electrons is in a direction
opposite to the conventional direction of current.
This is shown in fig. 5.3.

—» Conventionul direction
of current

—————— Direction of flow of
hypothetical +ve charges

Fig.5.3 (a)

-

(L==¢ U

—_—» Conventional direction
of current

o
¢
o

C

6 | m

-0 =0
+-—0C =0

le

-0 -0
-—0 " =0

-

<«+————— Direction of flow of
free electrons

Fig.5.3 (b)

However, the term direction of current is a
misnomer since current is not a vector quantity.
Itis a scalar because of the followings.

i)  Currents add like scalars. When a number
of canductors carrying different currents
meet at a point, the total current becomes
the algebraic sum of all the currents.



Electric Current

(c)
Fig. 5.4

This is shown m fig. 5.4a where
Io =1 +15.

ii)  Even if a conductor is bent in different
ways, the current I has the same value at
all cross sections of the conductor in a
circuit. This is shown in fig. 5.4.b

iii)  Inthe mathematical expression for current
I=q/t, both q and t are scalar quantities.
Hence current is a "scalar”,

"Direction of current” simply means the
sense of current.

A current which does not have a change
in its sense is called direct current or d.c.

A current which changes its sense with
time at the same cross section, is called
alternating current or a.c.

5.2 The current density vector J:

Electric current is a macroscopic quantity
which gives the amount charge flow per unit
time through any section of area 's' of a

conductor. Current density J is the microscopic
quantity which exists at every point of the section
in the path of charge flow. It may be broadly
defined as

"the rate of charge flow per unit area of
cross section of the path in the direction

of the applied electric field E , when the
area is held perpendicularto E .

The value of J may vary from point to

point over the section and J at a point may not
be perpendicular to any small cross sectional

area NAs surrounding the point. Then the
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current dI through the small area As of the
section is expressed as

dl = lim J.fAAs

Ao -(5.2.1)

where 1 is unit vector perpendicular to As as
shown in fig. 5.5.

E
e
S
Fig. 5.5
This gives
I= Ij nds «(5.2.2)

If the direction of flow of charge at the point is
perpendicular to the area As and the current I

is uniformly distributed over the area 's', then
we may write
1= [Jds=Js
= = (5.2.3)

The unit of current density J is Ampere per meter
square or A / m’ in S.I. system. The dimension

of J is AL?.
Ex.5.2.1 A silver wire of | mm? cross sectional

area carries a current of 0.02 A. Find the
magnitude of current density in the wire.
Current 1=002A=2x10%A
Area  s=1mm’=10%m’

Assuming I to be uniform over the section and
J perpendicular to the section

1= /—&—2 10*A/m?
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5.3. Drift velocity of electrons in a conductor

A conductor has a large number of free
eletrons in it. The rest of the material contains
relatively heavy positive ions which vibrate
about their mean positions. In the absence of an
electric field the free electrons have random
thermal motion like the molecules of an ideal
gas. They are assumed to have all possible
velocities in all possible directions. Hence the
average velocity of all these electrons is zero.
Such random motion produces no net current

in any particular direction. If 1, U;.... 0y elc.
be the velocities of these electrons, then

ﬁl + flz +l._l3+....l_lN
N

=0

ool (= 2 )

On application of an external electric field E,
each free electron experiences a force

oo A532)

so that it gets accelerated in a direction opposite
to that of E . The acceleration @ is given by

d=—=—-— .(5.3.3)
m m
where- e — electronic charge
and m — electronic mass

This increases the velocity of each electron in a

direction opposite to E till they meet inelastic
collision with crystal lattices and impurities
present in the conductor. As a result, their
velocities are drastically reduced. However, they
start afresh to collide again and the process is
repeated. Because of such frequent collisions
the flow of the free electons is not an accelerated
one but a steady drift or diffusion in a direction

opposite to that of E . Let us find an expression
for this drift velocity.
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If tj.t7.t3.....t are average times
between two successive collisions of 1st, 2nd,
3rd and the Nth electrons (relaxation limes)
respectively, then velocities of these electrons
before each collision may be written as

33 = ﬁ3 +ﬁ t3 ...(5.3.4)

The average final velocity of these electrons is
given by

Vg =

_ Uyt 4 i Uy bl
N

_ Uy +1p +Ug+. 4y

N
) aty +dty +aty+.. Aaly
> * N
ie. V,=0+it .(5.3.5)
)+ +l3+..4t
where 1= -1—2- 37N .(5.3.6)

N

T is average time that has elapsed since each
electron suffered its last collision and is called
mean relaxation time. It is of the order of 10"
second. We have from eqn. (5.3.5) and (5.3.3)

= = ¢E
Vy =t =——t
m

The maghitude of drift velocity is called drift
speed.

L L4S3T)

19 2



Electric Current
E '

S S e |
s S =
-—V,
4| Iy
I } | [

Fig 5.6

Drift speed and current :

Let us consider a straight cylinderical

conductor XY of length { and area of cross
section a. Let it be connected in a simple circuit
as shown in fig. 5.6. The electric field within
the conductor is directed from X to Y. Hence
the free electrons in it are drifted from right to
left. All such electrons which flow past the
section at P of the conductor in time At, lie
within a cylinder of length v At and area of

cross section s, i.e. withina volume V = (sof
the conductor XY. If n is the number of free
electrons per unit unit volume of the conductor,
(i.e. number density of free electrons) the total
number of electrons that flow past the section

in time At = nsv,At.

. The charge AQ that flows past the
section in time At is given by

AQ=-nsv, At.e

. The current I in the conductor is given

1vsk SN 8)

by
AQ

[=—=nsev, «:(5:3.9)
At
It is seen that [ o v, since n and S are
constants for a given conductor. _
Assuming a uniform distribution of

current over any section of the conductor, the
current density J at any point is given by
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L (5.3.10)

The drift speed of electrons in a metallic
conductor is quite small. It varies from some
fraction of a mm to a few mm.

Ex. 5.3.1 A current of 1 A exists in a copper

wire of cross section | mm?. If the no. of

electrons per cubic meter of copper is 8.5 x 10%,
calculate the drift speed of free electrons in the
wire.

Wehave [=naev,

[
nae

Substituting forn = 8.5 x 10%*

s=10"°m’
=1.6 x 10 " coul.
and I=1A
K 85x10% =
- x107°m’ x 1.6 x 10" coul.

3 th-8
= A xbm %10 = 0.074 mm/s

~ 85x1.6m>.coul.

It so happens that an electron in a circuit
may take quite a few hours to travel a distance
of one metre. However, the changes in the
electric field which produce changes in flow rate
of charges are propagated with a speed nearly
equal to the speed of light. Thatis why an electric
bulb glows almost instantly as the circuit is
switched on. ‘

5.4 Relgtion between Jand I, Ohm's law:
Eqgn. 5.3,10 gives the relation between
current density J and drift velocity V ; of the
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charge carriers at any point in a conductor i.e.
J=neV,
Let us use the expression for v, given in eq.
5.3.7. and simplify to get
2

ne-T
m

J= E . (54.1)

In the equation e and m being constants of the
charge carrier and n and t being constants for
the given metallic conductor, it is seen that

Ju E
e J=0oE - (54.2)
ne’t
where G = ..(54.3)
m

o is constant for the material of the
conductor and is called its conductivity. Further

eq. 5.4.2 shows that the two vectors J and E
are linearly related and this relation is said to be
one form of the famous Ohm's law. Let us call
it the microscopic form. i'he original statement
of the same is as follows.

"Temperature and other physical
conditions remaining constat, the current I
in a conductor is directly proportional to the
potential difference V between its ends."

Georg Simon Ohm gave this statement
in 1826 on the basis of his experimental
observations. Mathematically it may be written

as

Il a V
= I =GN ..(544)
Written otherwise
|
V=— = RI .(54.
G (5.4.5)

whre R and G are the constants for the given
conductor at the particular temperature. R is
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called its resistance and G, its conductance.
One is expressed as the reciprocal of the other
i.e.

R:L and G:l .
G R

This statement of Ohm's law is said to be its
macroseopic form. Here V and I are linearly
related and this can be verified by measuring
their values experimentally. The graph plotted
between V and 1 is a straight line shown in fig.
5.7. The experimental arrangement is given in
the form of a circuit diagram in fig. 5.8.

I (Amp.) —

V (Volt) —>

Fig. 5.7
(Linear variation of I with V)

‘®+

B
1l
1 II ki

V=\oltmeter, A=Ammeter, B=Battery
K-=Key, Rh=Rhcostat _
(Circuit diagram for verification of Ohm’s law)

Fig.5.8
Mathematical deduction of the law :

The macroscopic qunatities V, I and R
involved in Ohm's law can be related to the

microscopic quantities liken,e, m, t,and J.
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Fig. 5.9

Let us consider a segment of a straight
conductor as shown in fig. 5.9. Let { be its
length and a, its area of cross section, when a
steady potential difference V.=V, — V_is
maintained between its ends, a uniform electric
field Eis established along the wire. Its
magnitude is given by

v

E=—
f

.« (5.4.6)

The charge carriers (assumed to be +ve) are
drifted within the conductor under the influence

of E. Assuming the current density J at any

point to be parallel to [, the current in the
conductor at any point is given by

1= i.ds
= §O'E.ds (s 7 = oE)
= I=cEs (54.7)

A E and § are in the same direction)
Using eq. 5.4.6 and eq. 543 in eq. 5.4.7 we
have
. ne’tV = ne sV

I v
mi mf

..(5.4.8)

»

This shows that | o V since is a constant

for the given conductor. Thus Ohm's law is
established.

A comparison of eq. 5.4.8 with eq. 54.4
shows that v )

139

Gttt .(54.9)

mf
H R = e 5.4.10
i G ne’ts s (@4A0)

However, Ohm's law is not valid in case
of all electrical circuits. The circuits and
conductors which obey Ohm's law are called
Ohmic circuits and Ohmic conductors
respectively. In this case 1 and V are linearly
related as shown in Fig. 5.7. Metallic conductors
like Cu, Al, Ag, Fe etc and many alloys like
manganin, constantan, nichrome and brass etc.
dre some examples of Ohmic conductors.

When'the circuit contains conductors like
vacuum tubes, semiconductors, transistors,
crystal rectifiers, thermistors and liquid
electrolyte etc. ohm's law does not hold good.
Such circuits are non-ohmic and the concerned
conductors are called non ohmic conductors.
The relation between V and I for some
nonohmic circuits 1s graphically shown in fig.
5.10.

Y

(n) (b,
Fig. 5.10

Current - voltage relations for (a) a resistor
obeying Ohm's law; (b) a vacuum diode; (¢) a
semiconductor diode.

5.5. Resistance and Resistivity :

The resistance of a conductor is a
macroscopic electrical quantity and it is related
1o microscopic electrical quantities like m, n, e
and 1t by the cq. 5.4.10. Recalling eq. 54.9
and 5.4.10, let us write :
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m ( (

Here pis called the resistivity or specific
resistance of the material of the conductor and
clearly '

o= m
n (32'!

«+(2:53)

It is a constant for a given material and is related
to the resistance of the conductor by eq. 5.5.1.
This shows that

resistance of a conductor is
directly proportional to its
length.

Ral ie.

and Ra ! ie. resistance of a conductor is

inversely proportional to its
area of cross section.

If we put = 1 unit, s = 1 unit in eq.
5.5.1, we have R = p. Hence resistivity of a
material is numerically equal to the resistance
of a unit cube made out of it. It is the reciprocal
of conductivity of the material.

: I
ie. p=—
G

The values of resistivity of some known materials
are given in Table 5.1.
Units and dimensions of R, G, p and o :

S.1. units of current I and potential

difference V have been named as Ampere (A)

and Volt (V) respectively.

. ! V. :
Since resistance R = s S.I. unit may

be written as volt/ ampere and it is called ohm.
The symbol € i.e. Greek letter omegajs often
used for it. Conductance G of a conductor is

‘the reciprocal of its resistance i.e. G = % and
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its unit is called mho. Thus mho = ohm™ and
the symbol S (i.e. Siemen) is used for it.

Rs
From the relation 5.5.1 we have p= —(-

so that the unit of resistivity in S.I. sysle;n IS
written as ohm.m. Obviously the unit of

conductivity is ohm™ . m™' = mho / m.

As electric current is considéred as a
fundamental physical quantity in S.L. system of
units, its dimension is written as A. We have
then

the dimension of potential difference
v=Mm'’t3ah
the dimension of resistance
R=M'*T3A2,
the dimension of conductance
G=M'LT'A%
the dimension of resistivity
p=M'L'T73A2% and
the dimension of conductivity
| o=M'L7T°A%

Ex.5:5.1 Fin.d lime resistivity and conductivity
of manganin if amanganin wire of 1.75 m length
and 0.07 m diameter has a resistance of 1.75£2
at 20° c. Calculate the value of the operating
electric field along the wire when a steady current
of 0.5 ‘A is maintained in it.
Soln : L
‘ We have p= & Rnd
ehave p=—=
{ 4(
(where d -> diameter)

7% 175 ohm.(0.07)>m?
R 4 x 1.75m

Then

(1, =385x 10 ohm.m.
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1 1 :

=—=——-+——ohm™.m"
®= o 385x107
=260 mho.m™'
Also J= I = ﬂ—,— =1299A.m™
s w(0.07m)"
Hence E = L
o
= @_‘)_A_m_;_: 0.5volt/ m
260 mho m
5.6  Variation of Resistance and Resistivity
with temperature :

In eq. 5.5.3 resistivity p of metallic
conductors has been given by
m

p=
Cznt

This shows that p depends on the value of 1,
the average time between two consecutive
collisions of a free electron. When the conductor
is heated the average kinetic energy of atoms
increases and they vibrate more vigorously. This
increases the number of collisions of the
clectrons with atoms. Hence t decreases, there
by increasing p. Since R = p £, resistance R of
metallic conductors and many alloys like brass
increases with rise of temperature 8 . This has
been verified experimentally.

However, in the case of semiconductors

like Carbon, Germanium and Silicon and for
many electrolytes R decreases with rise of ¢ .

Resistance is almost independent of
temperature for some special type of alloys like
constantan and Manganin.

Resistivity p of metallic conductors varies

almost linearly with 0 for moderate range of
temperature. It is represented by the equation

Pg = Po + P8 = po(l +0b)
.(5.6.1)
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where Py is the resistivity of the metal at

temp. g°

Po is the resistivity at 0" and

o isaconstant charactenstic of the
substance and is called the
temperature cocflicient of
resistivity.
The definining equation for « i.e.eq. 5.0.1,18
Po — Po
a=—— 9
Pod «(5.6.2)
We may thus define temperature coefficient of
resistivity as the change in resistivity per unit
resistivity at 0°, per degree rise in temperature.
Although eq. 5.6.2 is only approximate,
it can be used over medium range of
temperature except for very precise work. Its
unit is dependent on the unit of temperature and
is expressed as per kelvin (per K) or per celcius
degree (i.e. per c”) etc. One should note that 0
in eq. 5.6.2 refers to a temperature interval like
0, ~—J91 but not any particular temperature. Its
unit is given by per ¢’ or per K etc.
At low and high temperatures p is
expressed as some complicated function of 8
and this is deliberately avoided at this stage.

Graphically the variation of p with 0
over moderate temperature range is shdwn in
fig.5.11a.

p Ohm.m —

_Qb

Bt =

Fig. 5.11a
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The resistance of a conductor depends on
its length ¢ and area of cross section s besides

its dependence on p. Changes in [ and s with
temperature are quite negligible over moderate

range of temperature so that £/s may be taken
as a constant. Hence variation of R with § may
be given by

Rg =Ry(1+ab) (5.6.3)

where Ry and R, are resistances of the

conductor at g© and 0° respectively. The

variation is linear as that for p. It is shown in
fig. 5.11.b.

R Ohm —

T

0 c —
Fig. 5.11.b

The values of p and a of some typical materials
at about 20° ¢ are given Table 5.1.

The variation of R with @ has been used

in the measurement of temperature, The
thermometer so constructed is known as a
resistance thermometer. Platinum resistance
thermometer is an example of this type where
resistance of platinum increases with rise of
temperature.

Another thermometer of this type is
called a Thermistor, which is made up of a
semiconducting material like the oxides of
nickel, cobalt, iron or copper. The property that
the resistivity of i semiconductor decreases with
rise of temperature is used in making a
thermistor. It can measure very small changes

in temperature of the order of 107 ¢”.
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) Table 5.1
Values of p and o« of some materials at 293 K.
Material p o
(Ohm-m) (K"

Aluminium 2.824 x10* 39 x 107

Copper 1.724 x10°* 3.93 x 107
Gold 244 x 10° 34 x 107
Iron 10x 10%  5x10°
Metals - Mercury ~ 95.87 x10® 0,89 x107
Nickel 6.84 x10® 6 x 107
Platinum  10.6 x10® 3.93 x 107
Silver 159 x10% 38 x 107
Tungsten 5.65 x10® 4.5 x 107
Zinc 25x 10% -
Brass 6.7 x107 2 x 107
Constantan 49 x 107 2 x 10° :
Alloys Manganin 44 x 107 2x10°
Nichrome 10x 107 4z 107
€  Ccarbon 3.5 x 10°  -0.5x107
‘é Germanium 046 -0.48x10”"
€ Silicon 2300  -0.75x10"
A
Diamond 10"
Glass 10" ~10"
g Porcelain  10'°~10"
Z  Rubber  10"-10'
0 Teflon 10"
Wood 10%~10"
Ceramics 10'?
“Paraffin wax 107
Polythene  10'*~10'®
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Ex. 5.6.1 A platimum resistance thermometer

has a resistance of 18.265€2 at 0° C. Calculate
the temperature when the resistance is measured

to be 24.525 Q . The temperature coefficient of
resistance of platinum is 0.00393 perc”.

Soln.
Given that R, = 18.265Q2

Rg=24.525Q

a = 0.00393 per ¢’

Wehave 0= Rg-R, fromeq. 5.6.3
R, a
_ (24.525-18.625) ohm
18.625 ohm = 0.00393 /¢

=87.2¢°

. Temperature recorded by the thermometer =

(0°c+87.2°¢)
= 8§12ec.

To be noted here is that in eq. 5.6.3 ¢ refersto
the temperature interval only and is therefore
expressed in ¢’. This when added with the initial
tempeature gives the final temperature which is
expressd in %c.

5.7 Resistors

All conductors offer resistance of varying
degrees to the flow of charges through them.
These are known as resistors, and are of much
_ importance and utility in electrical and electronic
industries. Hence enough care is taken to
manufacture such resistors with sufficieint
accuracy.

A good resistor should have the qualities
like :
(i) Low temperature coefficient of

resistivity
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(i) Capacity to withstand high
temperature

(1) least change in resistance in the
presence of moisiure

and (iv) high resistance to oxidation and

COrrosion.

Accordingly materials are selected to
prepare good resistors.

A resistor is represented by the symbol

AN In a circuit diagram. We may
have either

(i)  wire wound resistors,

(i) composition resistors.

Wire wound resistors are made by
winding wires of an alloy on some suitable base.
Such alloys commonly used are

(1) manganin (Cu 84%, Mn 12%, Ni 4%)
(2) constantan (Cu 60%, Ni 40%)

(3) nichrome (Ni 75%, Chromium | 1%,
Iron 12% and Mn 2%)

Most of the resistance boxes used in our
laboratoies are made up of such materials. One
such resistor is a Rheostast which provides
variable resistance. It is shown in Fig. 5.12. It
consists of many turns of a wire wound on a
metallic cylinder. The winding is normally of
single layer. The elecirical contact between
adjacent windings is avoided by painting the
wires with an insulating vurnish which also
protects them from moisture. Its circuit symbol
is shown in fig. 5.12.b. '

Fig. 5.12
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Another type of variable resistor is a Resistance
Box. A number of resistors having values of

fixed resistance such as 1 €2, 26, 50 etc. are
connected in series and the end of each resistor
is soldered to the two ends of a metallic hole to
which a metallic plug having insulating handle
may exactly fit. The entire arrangement is kept
inside a wooden case. The desired resistance is
included in the circuit by opening the exact plug.
A resistance box is shown in fig. 5.13.

o R
(a) (b)

{Rusistiuee coil’ Tesistimee box)

Fig. 5.13

Composition resistors are used in radio
and communication circuits. Hence these are of
compact size and low cost. These are made by
mixing the powder of conducting material such
as graphite with some suitable organic material
which acts as binder and as a dielectric between
the conducting particles. The mixture is then
compressed and baked at a high temperature
after which the conducting particles make
contactamong themselves. The resistance of it
is controlled by using the dielectric binder and
the conducting powder in different proportions,
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As these resistors are of miniature size it
is difficult to print the value of resistance on
them. Hence colour codes are used to label the
resistors. The colours used are black, brown,
red, orange, yellow, green, blue, violet, grey
and white, An assortment of such resistors is
shown in fig. 5.14.

An assortmient of resistors. The circular bands are color
codipg marks thut idemify the value of the resistance

Fig. 5.14

These resistors are commercially manufactured
and range in value from an ohm to several mega
ohms (i.e. 10°€2). The shapes of the resistors
are cylinderical, their length being a few cm and
diameter being a few mm. The resistors are
identified with their colour codes, which serve
to indicate their resistance and percentage of
tolerance. The colours stand for some numbers
varying from 0 to 9, Table 5.2 gives the value
of colour codes for carbon resistance.

The following two conventions are used to know
the resistance associated with a coded resistor.

(a) Convention-1

(i)  Thebody of the resistor is given one
coulour which denotes first
significant figure.

(ii) The colours on either end indicate
the second significant figure.

Table 5.2
The numbers indicated by colour codes.

Colour | Black | Brown | Red Orange | Yellow | Green | Blue | Voilet | Grey | White

Number | G TAT gl e

chey stand || 0 1V el 200 3 4 5 6 7 8 9
ror —»
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(iii) The coloured dot on the body
indicates the number of zeroes at
the end, and

The ring of silveror gold at one end
indicates the percentage of
torerance, silver for £10% of

torerance and gold for +5% of
tolerance. This is diagramatically
shown in fig. 5.15 a.

(iv)

For example we have a resistor with
orange body, yellow ends, red dot and gold
ring, using the numbers represented by these
colours we find that its resistance R = 3400 +
5% ohms.

(b) Convention Il

In this convention there are three rings or
bands marked a1 one end of the resistor and a
ring of silver or gold at the other end.

(i) The first two rings in order stand
for the first two significant figures.

(i)  The third ring stands for the number
of zeroes at the end i.e. the power
of 10.

(iti) . The gold orsilver ring indicates the
percentage of tolerance.

This is diagramatically shown in fig. 5.15.b. For
example we have a commercial carbon resistor
with green, yellow and organge rings at one
end and a ring of silver at the other end. Then
using Table 5.2 we have the resistance R

represented by the resistor =54 x 10° £ 10%
ie. R=54000 £ 10% ohm

Usually high resistances in miniature
form are used in electronic and radio circuits as
per necessity. However, for precise work it is

better to avoid such resistors as the errors vary

from 5% to 10%.
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Body colour
End colour

coded resistor as per convention I
Fig. 5.15.a

)_

Ring of 4—1

gold or silver
— 3rdring
2nd ring
Ist ring

coded resistor as per convention II
Fig. 5.15.b

However, compositon resistors are not as
precise as wire wound resistors, as their
resistances may change with change in
surrounding conditions, such as the presence of
humidity and change in applied voltage etc.

Resistors of better stability are obtained
by depositing films of carbon, boron-carbon,
metals or metal oxides on some convenient
ceramic base. Such resistors are called film
resistors. Their resistance is fairly constant in
time and these are comparatively insensitive to
applied voltage. The temperature coefficient of
resistance of these resistors is low too!

Super Conductivity

Super conductivity is the property
attained by conductors at a very low temperature
nearer to absolute zero. The resistivity of the
material then decreases to zero, so that charge
flow can occur through them without any
thermal energy loss. Hence currents created in
a superconducting ring can persist in it for years
without any decrease or loss in.its value.

The phenomenon was first discovered by

| H. Kamerlingh Onnes in 1911. Eitperime._nml-ly
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he could observe that the resistivity of mercury
was almost zero at about 4.2 K. Further
investigations revealed that almost all conductors
lose their resistivity at temperatures nearer to
absolute zero. Suci a temperature at which a
material attains superconductivity is called its
critical temperature T . Graphically it is
shown in fig. 5.16 a. In contrast this variation
for metals and semiconductors is shown in fig
5.14 (b) and (c).

T Super conductor
s
=
5
=
a
0
T, T (K) —
(@)
ET Metal
=
s
8
a
T (K)—>
(b)
T .
E Semiconductor
£
=
o}
B=}
(=1
T (K)—>
(c) _
Fig. 5.16

Superconductors are of much importance in the
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modern world when saving of energy is highly
essential. Superconducting loops can maintain
steady current for years together without any
loss of energy and strong magnetic field can be
created in a region using them. This has useful
applications in material science research and
high energy particle physics. Superconductors
can play a very important role in making ultrafast
computer switches and transmission of electric
power. But the difficulty lies in the attainment
of desired low temperatures which becomes a
costly affair at present. However, new ceramic
materials have been discovered in 1986 which
behave as super conductor at considerable
higher temperatures nearer to 125K. Extensive
researches are in progress to prepare
compounds which would be superconducting
even at room temperature.

Explanation of this unique property of
materials has been possible to a great extent
using quantum mechanical calculations. This is
beyond the scope of this book at this stage.

Worked out numerical examples

Examp’» 5.1 : A current of 5A existsina 10
ohm resistor for4 min. Calculate (a) the amount
of charge and (b) the number of electrons that
pass through any cross section of the resistor in
this time.

Solution :
Given 1=5A
t=4min=240s

(a) . q=It=5Ax240s=1200coul.

@®) No.ofelectrons= 3 = —1200C

e 16x107C

=750x10"? =75x10%°

Example 5.2 : A currentis established in a gas
discharge tube when a sufficiently high potential
difference is applied across the two electrodes
in the tube. The gas ionizes, elections move
towards the +ve terminal and +ve ions towards



Electric Current

the -ve terminal. Calculate the magnitude of
electric current in such a discharge wbe of
hydrogen in which 3.1 x 10" electrons and 1.1.

x 10'® protons move past a cross sectional area
of the tube each second. Find the sense of
current.

Solution :

No. of electrons moving past a section,
say, from left to right = 3 1 « 10'¥ per sec.

Equivalent (+ve) charge flow from right
toleft=31x10" x1.6x 107" C/ sec.
ie. ], =496x107'A
=0.496 A

- No. of protons moving from right to left
= 1.1x 10" per sec.

. Equivalent charge flow from right to left
= 11x10' x 16 x1071°C sec.
=176x10"'A e I,
=0.176 A _

.. Magnitude of electric current
I=1+1,

=0496 A +0.176 A

=0.672 A = 0.67 A
in the sense from right to left

Example 5.3 : A current of IA exists in a
copper wire of cross section 1 mm’. Calculate
the drift speed of the free electrons in the wire.
Density of copper = 9000 kg/m*. Molecular
mass of copper = 63.5 g mol .

Solution :

| g-mole of cu.=63.5g of cu.

63.5 g of cu. contains 6. 023:( 10% no. Gf i

free electrons., =
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1 kg of cu. contains —E%XIUJ x 1053

no. of free electrons.
9000 kg of cu. contains 9&%—%’-‘-"- x10%?
no. of free electrons.

n = no. density of free electrons in cu.

6023 %9 x10% 3
ST SR i

1A

R e .
107" m?

e 3
s Imm~

B xo"Afnf

10°A/ m’

ﬁ .
o 1000

635 ‘m’

. J
. ,Vd — i
ne

_ 635x10°Am’
6.023%14.4x10"°Cm?

=0732%10%m/S

=0.0732 mm/S

Example 5.4 : A wire of length 1m and radius -

0.1 mm has a resistance of -100Q2. Find the
resistivity of the matenial.

Solution: -
Given f=1m

r=0.1mm=10"*m
s= mr ——lxlo m

R=100Q
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Rs 100Qx % x10"*m?

= Im

=2—72 x 10“’Q.m_

=3143x10°°Q.m

Example 5.5 : Calculate the electric field in
a copper wire of cross sectional area 2 mm’
if the current in it is 1 A. Resistivity of Cu =

1.7 x 10° Q.m.
Solution : ;
Given s =2 mm? =2 x 10° m?
I=1A,
p=17%x10"Qm

1 2

J=1ls= A/m
2x107°

I
J = 6 E, we have E=;=pl

.'.E=!.?xl(}_sﬂ.m X Afm2

2x107°

=085x1077 24
m

=085x102 ¥
2 m

Example 5.6 : The resistivity of tungsten at

20° ¢= 56510 °Q.m. If the temperature
coefficient of resistivity of tungstenis 4.5 x10”
K'', find its resistivity at 400 K.,

Solution :
Given pyg-c =3.6 % 107Q.m™!
i.e. P293K = 56 % IO“Bsz

a=45x1072K"!
. Paook = Posk [+ (400-293)K ]
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-5h% 10‘3nm[1 +45%107 K" x um(]

=56x14815x10°%Q.m

=83x107%Q.m

Example 5.7 : Find the temperature at which
the resistance of a silver wire will be double its

value at 293 K. ., =38x 107K 1.

Solution :
Let R be the resistance at 203°Kie. at T,
and R =2R be the resistance at T K.

Then R =R, [l +a(T-T,)]
= 2R, =R,[l+a(T-293 K)]
= 1=a(T-293.K)

=38x10*K"}T-293 K)
= 1+38x107°K'x293 K =38x107TK™"
= 1+11134=38x10"K\.T

2.1134

e KR
3.8x107

= T=0556x10°K = 556K
SUMMARY

1. Electric current is the rate of flow of net
charge across any section of a conductor. It is
given by

I =q/t(for uniform rate of flow)

3=

o (for instantaneous rate of flow)

2.  The conventional direction of current is
the directionin which a positive charge would
flow through the conductor.

3. - Electrons flow in a direction opposite to
that of conventional current.

4. Electriccurrent, 1, is a scalar.
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5.  S.I. unitof Iis Ampere (A)

1A = 1 C/s where C stands for coulomb.
6.  The vector associated with electric current
is called current density J.

7. Current through any section of area s of a
conductor is given by

s -
=J‘ J.ds
(1] J
For uniform value of J over the entire
section of the conductor
=[]y
= =K/

Hence current density may be loosely defined
as the current through unit area of cross section
of the conductor.

8.  Drift velocity V4 of charge carriers is

defined as the final average velocity with which
the charge carriers move under the influence of
the external electric field established in a
conductor. It is of the order of a few mm/s,

9.  Current density in terms of drift velocity
is given by

J = nevy
where ne is the carrier charge density.

10.  Currentin terms of drift speed in a straight
conductor of section s is given by

I = nsev,

11. Current density is related to applied
electric field E by

J=oE

“where o is called the conductivity of the
material of the conductor.

12.  Ohm's law is stated as

"Temperature and otheér physical
conditions remaining the same, the current Lin
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a conductor is directly proportional to the
potential difference V across its ends.™
Mathematically

'tV = ¥F=GV

whre G is called the conductance of the
conductor.

13. Resistance R of a conductor is given by
= =
R=V/I= 5

Unitof R is Ohm () in S.1. system. 1Q = {3

Unit of G is mho in S.I. system.

14. Resistivity p is an electrical property of
the material of the conductor.

Vectorically E = pJ.

S.I. unit of resistivity is ohm-metre (£2.m )

S.I. unit of conductivity is mho/metre.

15. Theresistance R of a conductor of length

‘(' and area of cross section 's' is given by
R=p{

where p is the resistivity of its material.

p changes with temperature T. For many
materials, including metals the rélation between
p and T is given by

p=poll +a(T~T,)]

where p, is the resistivity of the material at a
reference temperature T .

17. A given conductor obeys Ohm's law if

its resistance R =— is independent of the

l
applied potential difference V and if its
resistivity is independent the magnitude and

direction bf the aﬁp‘lied'elecu'ic field E.

18 Resistance is the macroscoplc eleclncdl .
property of a conductor. It is dependent on the
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microscopic property p i.e. the resistivity of the
material.

where n is the no. of electrons

m
19. p= 5

e“nt
per unit volume and T is the mean time between

the collisions of an electron with the atoms of
the metallic conductor. T is independent of E .

Bureau's Higher Secondary Physics

20. Semiconductors are a group of materials
placed between conductors and insulators.
These have negative temperature coefficient of
resistivity.

21. Super conductors are materials that lose
electrical resistance at low temperatures i.e.
below a temperature called critical temperature
1 . which is dependent on the nature of the
material.
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C

MODEL QUESTIONS .

A.

Multiple Choice Questions :

A metallic resistor is connected across a
battery. If the number of collisions of the
free electrons with the lattices is decreased
by cooling it, the current in the circuit will
(a) remain constant.

(b) decrease.

(¢) increase.

(d) become zero.

When temperature of a metallic resistor
is increased the product of its resistivity
and conductivity

(a) decreases.

(b) rem:‘}ins constant.

(¢) increases.

(d) may increase or decrease.

A copper wire is connected across a
battery. The current in the wire is found
to be 0.5 A when the key is closed. The

no. of free electrons that flow through any
section of the wire in 10 s is nearly

(@) 3125x 10",
(b) 312.5x 10",
() 31.25x 10",
(d) 3.125x 10",

A current of 2A is established in a circuit
containing an aluminium resistor of length
30 cm. If the area of cross section of the

resistor is 0.003 ¢cm? at a point P, the
current density at the point is

(@ 6.67 x 10° A/m’.
(b) 6.67 x 10° A.m’.
) 6.67 x 10" A/m’.
(d) 6.67 x 10" A.m’.

5.

The drift speed of charge carriers in a
conductor, connected between the

terminals of battery is vy when it carries
a current L. If the length of the conductor
is reduced by half, the drift speed of the
charge carriers at a given pointin it

(a) isdoubled.
(b) remains the same.
(¢) isreduced by half.

(d) decreases V2 times.

A steady current is maintained in a linear
conductor having nonuniform cross
section. The quantity of charge flowing
per second is

(@) more atthe thinner point than at the
thicker point.

{b) more at the thicker point that at the
thinner point,

(¢) independent of its length und area
of cross section at any point

(d) independent of the area of cross
section at any point but depends on
its length.

A metallic conductor is cut into fourequal
parts. The resistivity of each part

(a) increases four times with increase

in resistance.

(b) becomes one fourth with decrease
in resistance.

(c) does not change with change in its
resistance.

(d) does not change without any
change in its resistance.

Holes are charge carriers in
(a) gas discharge tubes.

(b) * p-type germanium.
(c) tungsten.
(d) coppersulphate solution.
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10.

11.

12.

13.

A current density of 102 Am™ carries
charges from the surface of the earth to a
region spreading over 50 km above the
surface. If the electric field in the region

is 100 Vm! the electrical conductivity of
the earth is of the order of

(a) 10" ohm-m.

(b) 10'° ohm m™.

() 10" ohm' m™.

(d) 10"° ohm™ m.

The current in electrolyte is due to

(a) positive ions only.

(b) negative ions only.

(c) both positive and negative ions.
(d) holes.

The electric current density is a measure

of the current per unit
(a) volume. (b) area.
(¢) length. (d) timie.

Increasing the potential difference
between the ends of a conductor, results
in

(a) increasing the current only.

(b) increasing the current and

decreasing the resistance.
(c) increasing the resistance only.

(d) increasing the resistance and
decreasing the current.

The dimension of conductance is
@ M'L2T3A2.

®) MILPTAZ00

© . ML3r%a2 !

@ MTial

14.

15.

16.

17.

18.

19.
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The length of a manganin wire of diameter
0.07 emis 1.75 m at 20° c. If the resistivity
of manganin is 44x10® ohm-cm, its
1esistance is

(a) 2ohm (b) 3 ohm

(c) 4ohm (d) 4.4o0hm

A silver wire has a resistance of 2 ohm at
100%. If the temperature coefficient of
resistance of silveris 0.00375 per % its
resistance at 200° ¢ will be nearly

(a) 4 ohm. (b) 3.75 ohm.
() 254ohm. (d) 2ohm.

Two cylinderical wires of the same
material have their lengths in the ratio 2:1
and their diameters in the ratio 1:2. The
ratio of the resistance of thinner wire to
that of thicker wire is

(@) 1:8. b) 1:4.
(c) 4:1. (d 8:1.

The temperature coefficient of resistance

is nearly zero for
(a) copper. (b) silicon.
(c) silver. (d) manganin.

Which of the following equations is
wrong ? (the symbols have their usual
meaning)

@) E=G ¥

@ J=oE-
@ I1=2E. @ 1=0EA.

The dimension_of electric potential
difference is

@ M'L*T3A7,

o MEAT A

© MLTAL

@ 'MAAT3A
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10.

11

12.

13.

14.

Critical temperature of a material is that
temperature below which a conductor
behaves as

(a) aninsulator.
(b) asemiconductor.
(c) asuperconductor.

(d) athermistor.
Very Short Answer Type Questions :

Define one 'ampere’ and one 'ohm’

Name another physical quantity like
current that is a scalar having a sense
represented by an arrow in a diagram.

Mention the dimension of electric current.

Which direction is taken as the
conventinal direction of current ?

Define current density.

[s there any change in the resistivity of a
metal if a wire made of it is cut into pieces ?

ampere
ohm '

(CHSE 1985 A)

What happens to the current in a
conductor when a very high resistance is
connected across it ?

Correct the equation volt =

Does a fuse wire have high melting
point ?

If the thickness of a wire increases what
happens to its resistance ?(CHSE 1985 S)

Mention the unit of conductance.
(CHSE 1986 S)

Give the unit of electrical conductivity.
(CHSE 1987 S)

Does the relation V =1 R apply to non
ohmic resistors ?

What happens to electrical resistance of
carbon when it is heated ?(CHS,P;_ 11995 S)

15.

16.

17.

18.

‘19.

20.

21.

153

Give the relation between current and
current density vector. (CHSE 1994 A)

Does a conductor become charged when
it carries a current ?

We often say "a current is flowing
through a wire". What exactly flows, the
charge or the current ?

Out of two bulbs marked 220V, 25W
and 220V, 100W, which has the higher
resistance ? [CBSE 2003]

Which physical quantity represents the
slope of voltage versus current graph of a
metallic conductor ? [CBSE Al 2000C]

Why manganin is used for making
standard resistors ? [CBSE 1995]

How dose the drift velocity of electrons
in a metallic conductor change if the
length of the conductor is doubled by
stretching it, keeping the applied potential
difference constant ?

[CBSE 2002,CBSE Al 1997 C]

What is the effect of heating of a

conductor on the drift velocity of free
electrons ? [CBSE Sample Paper]

Short Answer Type Questions :

Distinguish between resistance and
resistivity.
Can a copper wire and an aluminium wire

of the same length and same diameter
have the same resistance ? Why ?

Define temperature coefficient of electrical
resistance.

A wire of length ( and radius r is
connected to a voltage V. How is the drift
velocity of charges affected if (a) ( is
doubled, (b) ris doubled ?

Two copper wires having the same length
but different cross sectional area are
connected to the same battery. How does
the current densities in them compare ?
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10.

i

12.
13,
14,

15.

16.

17.

18.

Discuss the variation of resistivity with
lemperature.

Explain the meaning of resistance of a
conductor.

What happens when two initially charged
conducting bodies are connected by a
wire 7

Plot a curve to show the variation of the
ammeter reading in the figure given
below, as a function of rheostat resistance.
Interprete the shape and intercepts of this
ourve.

(A)

1 —®

Rh

From the definition of quantity of
electricity in terms of current show that
I/ = vq, where v is the speed of charges
flowing through the conductor of length (.
Find the resistivity of a wire of length 25,4
cm and diameter 0.932 mm if its
resistance is 0.067 ohm at a temperature
of 20°C. (CHSE 1986 S)
Explain the origin of electrical resistance
in a conductor., (CHSE 1989 §)
Explain why metals are good conductors
of electricity. (CHSE 1987 S)
Define resistivity of a material. Mention
its unitin S.I. system.

How many electrons pass in 16 sec
through the cross section of a metal wire
carrying acurrentof 100 mA ?(e=1.6x

107 ©) _ (CHSE 1992 A)
Define the term resistivity and write the
S.1unit. [CBSE 2005]

Define electrical conductivity of
conductor and give its 8.1 unit.
[CBSE 2008,05, 03]

If poténtial difference applied across a

conductor is increased from Vito 2 V,
how' the drift velocity of the electron
change 7 [CBSE Al 2000 C]

19.

E.
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The metallic conductor is at temperature
8,, The temperature of metallic
conductor is increased to 6, . How will
the product of its resistivity and
conductivity change ? [CBSE 2002 C)
Write an expression for the resistivity of
a metallic conductor showing its variation
overa limited range of temperature.

[CBSE 2008 C]
Long Answer Type Questions :
Explain the meaning of drift velocity of
electrons. Find an expression for current
in a conductor in terms of it.

~ State and explain Ohm's law. Deduce it

mathematically. Distinguish between
ohmic and non ohmic resistance.
Deduce the relation J = gE from first
principles considering Ohm's law to be
tnue.

Discuss the different factors on which the
resistance of a conductor depends. How
does a semiconductor differ from a
conductor ?

Show that current density J is related to
electri¢ field E by the equation
Ju ng L E where the symbols have their
usual meaning.

Discuss the variation of resistance with
temperature. Mention two important
applications of the phenomenon.
Numerical Exercises :

Find the number of electrons that pass
through a lamp in one hour if a steady
current of 0.5 A is maintained in it during
the time.

A 12.5 V battery operates a 14.2 Q flash
light intermittently for a cumulative time
of 65.3 minutes. Calculate the average
current and the quantity of electricity

 furnished by the battery.

Find the number of free electrons in a
copper wire of length Im and cross
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10.

sectional area 1 mm?, Determine the

charge carried by these free electrons. -

Number density of free electrons in
copper is 8.5 x 10%® per m’.

A silver wire of cross section | mm’
carries a current of 2 A. Find the
magnitude of current density in the wire.
Find the total charge carried by the
number of free electrons in a copper wire
of length 1m and cross section 1.6 mm?
if density of copperis 9 x 10* kg/m* and
its molecular mass 63.5 g mole™'. Assume
valency of capper to be one.

A copper wire of radius 0.1 mm and
resistance 1 kQ is connected across a

power supply of 20 V. (a) How many
electrons are transferred per sec. between

“the supply-and the wire at one end ?

(b) Find the current density of the wire,
A wire of 2mm in diameter transfers a
charge of 60 coul. in 5 minutes. If the
number density of electrons in the wire Is
5.8 x 10%® per m’, calculate
(a) thecurrentin the wire;
(b) the drift speed of electrons in the
wire.
A copper wire of circular cross section
has a radius of 1mm. It carries a current
of 0.5 A. If the resistivity of copper at
room temperature is 1.724 x 10* Q.m,
find the magnitude of current density in
the wire and that of electric field intensity
init -
The conductivity of aluminium is
3.55x10" ohm™.m " at room temperature.
Find the resistance of an aluminium wire
of length Imand diameter Zmm.
Two wires of aluminium and copper have
the same length and same resistance.
Show by calculation which of them is

11.

12.
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respectively. pgy =1724 x 10*Q.m

and p,, =2.824x 107" Q.m

Determine the resistance of a silver wire
through which 360 coul. of charge flows
in 2 minutes under a potential difference
of 30 V between its ends.

A wire of diameter 1mm has a resistance
of 14 ohm. If the resistivity of its material

is 44 % 10~°€.cm , calculate its length.

13.(a) The current density in a cylinderical wire

(b)

14.

15.

16.

17.

lighter. Densities of copper and aluminium <7

are 8.9 x 10° kg/m’ and 2.7 x 10° kg/m’

of radius R = 2 mm is uniform over the
cross section of the wire and is given by

J=2x10*A/m?. Find the current
throught the outer portion of the wire
between the radial distance R/2 and R.

If J = f(r) and is given by J = br’ where

b=3x10’°7“’1‘-; and r is any raidal

distange in metres, find the current through
the given portion as in (a).

The copper windings of a motor have a
resistance of 50€2 at 20° C, when the
motor is idle. After running for several

hours,the resistance rises to 58€2.
Calculate the temperature of the windings

at the end. ag, =393x107K L.

A wire with aresistance of 6 £2 is drawn
out so that its new length is thrice its
original lengh. Find the resistance of the
longer wire assuming that the resistivity
and density of the material donot change
during the process.

Find the resistance of 0.5 kg copper wire
of diameter 0.008 m. Given that the
density of copper = 8.9 x 10* kg/m® and
use its value of resistivity from Table 5.1.
A battery connected to a theostat furnishes
certain current. When a lamp of resistance

150 © is inserted in series, the current is

reduced to one third of its former value.
Find the resistance of the rheostat.
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18.

19.

20.

—
.

An electric lamp has a filament diameter
0f 0.525 mm. For 2.84 ampere of current
in the lamp, 1.37 x 10* electrons /ml are
found to flow through the wire. Calculate
the average speed of the electrons in it.
A cylindrical metallic wire is stretched to
increase its lengthby 10%. Calculate the
percentage increase in resistance.
[CBSE 2007]
What is the change in resistance of an
Eureka wire when its radius is halved and
the length is reduced to one-fourth of its
original value. [CBSE Sample Paper]
True - False - Type Questions
An ordinary 100W lamp has more
resistance than a 60W lamp.
The Kilowatt - hr is a unit of energy.
The electric current density is a measure
of current per unit area. .
Holes are charge carriers in p-type
germanium.
When the temperature of a metallic
conductor increases its resistance decreases.
Ohm's law is applicable to all conductors
of electricty. .
The resistance of an incandescent lamp
1s greater when the lamp is switched on.
Fill - in - Blank Type Questions
Increasing the P.D. bétween the ends of
a conductor results in...........

=~

—
.
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Two identical metal wires have their
lengths isratio 2 : 3. Their resistance shall
be in the ratio............

Temperature coefficient of resistance is
nearly zero for.............

The dimension of electric potential
difference is .....ccoernnun.

Therelation between current density ( j ).
conductivity (o ) and electric field

strength E is...............

The resistance of a copper wire varies
directly as............. and inversely as..........
The expression forconductivity (o )is .....

Correct the following sentences :

The resistance of a metallic conductor
decreases with rise in temperature.
Holes are charge carriers in n-type
germanium.

Volt = Ampere/ohm.

Electric current is a vector quantity.

The relation between current density |,
conductivity o, and electric field E
- Py

is E=0 .

Dimension of electric potential difference
is M L°T°A,

Two copper wires have their radius in the
ratio 2:3. Their resistance shall be in the
ratio 4:9.
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ANSWERS

)

>

Multiple Choice Type Questions :

JSHEC) 2. (b 3. (a) 4. (a) S ()
9. (c) 10. (¢) 1. ® 12. (3 13. (b)
17. (d) 18. (¢) 19. (&) 20. (¢c)

Numerical Problems :

1125 x10%2.
4. 0.88 A, b. 3449 C.

1

2

3. 85x10% 1.36 x 10*C. '

4. 2x10°A/m*

5. 2.1854x10*C.

6. 1.25x 10,637 x 10° A/m*

7. 02A,686x10° mm/s.

8. 1.59x 10° A/m? 2.74 x 107 V/m.

9. 0.00897 Q.

10. M, /M  =0.497, Hence Aluminium wire is lighter.

1. 109,
12. 25m. |
13. 2)0.19A b)0.71 A.
14. 60.7 %.

15. 54 Q.

16. 383x 10 °

7. 150
18. 6x 107 m/s.

6. (d)
14. (a)

19. 21% 20. Nochange

.

Ts = ikc)
15. (c)

8. (b)
16. (d)

(1) False (because R=l§- , 50 a lamp with higher power will have less residance) (2) True

(3) True (4) True (5) False (6) False (7) True. g

(1) Increasing the current only (2)2:3 (3) Manganin (4) ML" T3A! S5)c E (6)1,A



Direct Current Circuits

Electric circuitin which the sense of charge
flow does not change with time, is called direct
current circuit or d.c. circuit. A simpel d.c. circuit
contains components like a source of emf, a
resistor and a switch / key as discussed earlier.
Sometimes the number of such sources and
resistors may be many giving rise to acomplicated
network. Simple application of Ohm's law may
not be sufficient to analyse such circuits. Hence
alternative procedures are needed. A discussion
on this and about the sources of emf will be the
subject matter of this chapter. In all our
discussions we shall be concerned with steady
currents where the magnitude and sense of current
remain constant with time. We begin with an
insight into the concept of electromotive force
(emf) and its sources.

6.1 Electromotive force:

Let us call a conductor with some
resistance as a resistor. Electric current in a
resistor R occurs under a potential difference
between its ends. A steady current needs a
steady potential difference. However, current
cannot be steady unless its path is closed and
contains another device called a source of emf
¢ atsome pointin the path. Such a closed path
is shown in fig. 6.1. Here the current I'in the

SIS L
ol
Fig. 6.1

(A closed eleetric circuit containing a source of emf and resistor)

resistor R requires an electric field E within it
and an associated potential. The field does
positive work on the maobile charges (assumed
to be +ve) which always move in the direction
of decreasing potential. In a complete trip around
the loop, the charge returns to its starting’point
so that the potential must be the same as that
when it left the point. This is not possible if the
motion around the loop involves decrease of
potential only. There must be some portion of
the loop where the charge is pushed from lower
to higher potential. This portion contains the
source of emf which does the job.

"The influence of the source to make
the charges move from lower to higher
potential is called the electromotive force or
emf."”

The name emf is a misnomer since it is
not a force. Every complete circuit in which
there is a steady current, contains the device that
provides steady emf. Chemical cells, generators,
photocells, thermocouples etc. are some
examples of such devices. Let us call them as
the sources of emf. A source of emf transfers
energy into the circuit to which it is connected.

——e
(Séhcma;ié,&iégram of a source of emf, an open circuit)
- Fig.6.2
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Fig. 6.2 is a schematic diagram of a source of
emf. It has two conducting terminals P and N
where +ve and -ve charges are stored in some
process. Thus a potential difference is
maintained between them. If there is no resistor
connected between P and N externally it is
called an open circuit. Some force within the
source pushes the +ve charges to be deposited
- at Pand the -ve charges at N. Let us call such a

force per unit charge as the source force E_. It
is of nonelectrostatic origin. We may call it

the nonelectrostatic field E_ .

As the charges at the terminals P and N

pile up an electrostatic field E, both inside and
outside the source builds up gradually. This field

E, is in oppesition to E, within the source and -

slows down the process of accumulation of the
positive charges at P. Within a short time, E,
equals E, sothatequilibrium is established and
the process of charge accumulation stops.

)
Thus in open circuit condition

E, - f".,_.. =0. Then a potential difference V-

exists between the terminals P and N. Itis equal
to the work done per unit charge when a charge
moves from P to N by the electrostatic field E, .
Vi is called the Terminal Potential Difference
(T.P.D.)

In a similar way we may consider the

work done by the nonelectrostatic field E, (i.e.

the source field). The work done by this source
field to make a charge move from N to P is
called the electromotive force € of the source.

Under opencireuitcondition | E, |=| E, |and
VPN = B

Thus we see that electromotive force is not a
 force. It is the work done per unit charge by a
field which is of nonelectrostatic origin. It

«(6.1.1)
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involves the process of energy conversion from
nonelectrical to electrical.

The nonelectrostatic field E_and hence

the emf ¢ of the source are constants in many
cases, It represents a definite property of the
source.

If the terminals of the source are
connected by a wire to form a complete circuit,
the driving force on the free charges in the wire

‘is due tothe field set up by the charged terminals

P and N. It establishes a current [ in the wire
from Pto N.

+ 2
(K) Hl— =

Fig. 6.3

( A closed circuit with current I in the circuit)

The charges on the terminals decrease slightly.
ﬁ_c both within the wire and within the source

becomes slightly smaller than E,, which is a
constant. Hence +ve charges within the source
are driven towards the +ve terminal P and there
is the current I from N to P. The current outside

the source is due to the field E, which smooths
out the flow and makes the current steady
practically within no time. It communicates the
influence of the source to distant parts of the
circuit. _

If the source of emf has'no internal
resistance r, charge entering the external circuit
through terminal P would be immediately
replaced by charge flow through the source.

Then the igternal electrostatic field E, inside

the source does not change under complete
circuit condition and the terminal potential
difference V, equals €, as no work is done
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for the motion of the charges inside the source.
If R is the resistance of the external circuit,

Vey=IR by Ohm's law
Hence Vi =¢8=IR
= [=¢/R ..(6.1.2)

This relation determines the current in the circuit,
once ¢ and R are specified.

When the source has some internal
resistance r, which is usually a small

E.+E, #0
under closed circuit conditions. The net field
E (= E, +E,) pushes the charges through the

internal resistance r within the source and hence
there is a potential drop Ir. Then

€ —Vm=ll'
= E -IR=Ir
E
I= (6.1.
= B (6.1.3)

Here R+ris called the total circuit resistance.

If the terminals of the source are
connected by a conductor of nearly zero
resistance, the source is said to be short circuited.

The short circuit current 1 ( = %) is usually

large and may damage the circuit. It should be
avoided. The terminal voltage (T.P.D.) under
this condition is zero.

. The emf € and internal resistance r

completely describe a source. These properties
are found from measurements of the open circuit
terminal voltage i.e. € =V, and short circuit

: -
current i.e. Is =

Sometimes a source is connected to an
‘externial ¢ircuit containing other sources. This
is the caséWhen a storage battery (exatitple -
motor battefy)is charged by a generator. Tn that
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case the emf of the battery to be charged, is
opposite in sign to the current in the circuit. This
is shown in fig. 6.4.

+ 2P e=|2V
_"'L
E((@ = r=0050
- ~IN
- lc
Fig. 6.4
(Charging a battery of emf € by the charger
of emf €)

The generator has emf €  and negligible intemal

resistance whereas the storage battery has emf
€ and internal resistance r. In such a case

€, > & and the electrostatic field E o Within the
battery is greater than the nonelectrostatic field
E. The charging current I, within the battery

is from P to N as shown in the diagram and it is
given by

], ==¢ (6.1.4)

=> gg=8+1r .(6.1.5)

An ideal source of emf is one which has
negligible internal resistance r. However, every
real source of emf has some internal resistance
whcih depends on the materials used in the
source. For a chemical cell, for example, r
depends on the electrolyte, surface area of the
electrodes in contact with the electrolyte and its
temperature. We shall briefly discuss about
some sources of emf in the next section.

Orie should carcfully note the following
distinctions between the emf of a source and
the polenhal dlffcrcnce it creates in an external
cm:ult ]
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emf

potential difference

1. It is the work done by the non electrostatic

carriers move from the negative electrode to
the +ve electrode.

current in the whole circuit.

4. Itis of nonelectrostatic origin and produces
the non-electrostatic field which is non-
conservative.

5. It is constant for a given source and is
independent of current in the circuit.

field within the source to make the +ve charge

2. It provides the pressure that tends to establish

3. Itis the cause of potential difference between | 3. Itis due to the emf of the source connected

two points in the external path of the circuit.

1. It is the work done per unit charge by the
electrostatic field within the resistor to make |
the charge carriers move from one point to
another.

2. It provides the pressure in a given part of
the external path to drive current through
that part.

in the circuit but cannot produce the emf.

4. It is related with the electrostatic field
produced outside the source and is thus of
electrostatic origin.

5. Tt depends on the current produced in the
circuit.

Unit of emf and potential difference

From the discussions made so far, it is

_evident that € and V have the same units and

dimensions. The unitof & or VinS.I. systemis
joule/coulomb or volt. The dimension is
MILITJA-I -

Example 6.1.1: Acellofemf .5V has terminal
potential difference of 1.2 V when a resistor of

20 ohm is joined to it. Calculate the current in
the circuit and the internal resistance of the cell.

Solution :
Given € =15V, V=12V

R=200
¥
e S M2V Ao natk
R 20 Ohm
_e-V_1SV-12V_03V ..
I 006A .06 A

Example 6.1.2 : A dry cell having negligible
internal resistance developed a potential
difference of 1.56 V. When it was short circuited
through an ammeter it furmshed a;:um:-nt of 30
A. Calculated the resistance of the ammeter.

(a) (b)

r=0,e=V=156V=IR
WhenR=0,V=0;ie the TP.D.=0

This condition corresponds to the case when
the terminals of the cell are connected by a
conductor or device having extremely low
resistance such as Ammeter. The cell in this case
is short circuited. The current under this

condition is the short circuit current(I ), which
is large. i _
-+ 1,=30 A, R, = Resistance ofammtcr

. 156V
—————-0.05201111
30A

6.2 The sources of e.m.!‘.
ramo

e source of emf is one which cnnverts

someform of nopelectncal energy into c!ec;nca]
energy inareversible process. Each such source
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of emf is called a cell. Dry cell, Motor battery
and Generator are some familiar examples of
such sources. The other non familiar cells are
Thermocouple. Photocell, Fuel cell, Solar cell
ete. to name a few. Let us make a brief discussion
on the working principles of such cells.

The electrochemical cell

An electrochemical cell is an arrangement
in which chemical reactions are made to
proceed at a steady rale so as to convert
chemical energy into electrical energy
constantly. The familiar torch light cell or a dry
cell is its common example. The amount of
clectrical energy provided by these cells is
limited by the amount of reaction.

The first electrochemical cell was
designed on the basis of the discovery of Luigi
Galvani and Alessandro Volta, They showed
that if a zinc plate and a copper plate are dipped
in a solution of dilute sulphuric acid (H,S0,)
conlained in a glass vessel, electrons could be
liberated from the solution ento the zinc plate
and absorbed into the solution from the copper
plate. This resulted in causing electrical potential
difference between them. This was the simple
Voltaic cell as shown in Fig. 6.5. Here the zinc
plate and the copper plate are called the
electrodes whereas the solution of H .50, is
called the electrolyte.

A voltaic cell providing current

A volaie cell

Fig. 6.5
Ina voltaic cell dil. H,SO, dissociates as

H,S0, —» 2H* + 80,

The hydrogen ions (2H*) mave to'vl-'_ard'jsr the
copper plate and take up two free electrons from
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it 10 become a H, molecule. This makes the
copper plate +vely charged. As the reaction
proceeds it develops more +ve potential which
can increase upto 0.46 V. At this +ve potential
no further H* ion can flow towards the copper
plate due to electrostatic repulsion, thus creating

astate of equilibrium. The sulphate ion (SO, ™)
on the other hand moves towards the zinc plate
and delivers the two units of electronic charge

to it to make it negatively charged. It reacts with
one zinc atom to form zinc sulphate i.e.

In+8S0y —ZnSO,+2e"

The zinc plate thus develops negative potential
till it becomes - 0.6 V. Here no further sulphate
ion can reach the zinc plate due to electrostatic
repulsion and an equilibrium is reached. Thus
the total potential difference developed between
the plates at equilibrium is 0,46 V - (-0.62V) =
1.08 V. This becomes the emf of the cell.

When the two terminals of the cell are
joined externally by a conducting path electrons
from the zinc plate start moving towards the
copper plate externally and the equilibrium is
lost. The chemical reaction proceeds again and
a continuous current is maintained in the path
as shown in fig. 6.5b. However, the process is
limited as the strength of dil. H,S0, and the
zine plate decreases with graduat use of the cell,
which is ultimately discharged. Such a cell
cannut be recharged and is called the Primary
Cell

Onizinal Voltaic Cell had two main defects
lew e local action and (ii) polarization. The first
one was due to the impurities in the zinc plate
and the second one was due to deposition of
hydrogen gas bubbles on the copper plate.
These defects minimise the action of the cell
and decrease the effective energy provided by
it. Later resgrehes have improved its action by
minimising the defects. Local action is reduced
by amalgamating the zinc plate with mercury
whereas polarization is minimised by using a
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suitable oxidizing agent with the cell material
to convert the liberated hydrogen into water.

The original voltaic cell has undergone a
lot of modifications and many improved forms
of primary cells have been designed thereafter.
The underlying principle remaing the same, they
differ mostly in the choice of their electrodes,
the electrolytes and the mechanism of
depolarization. Two such cells used in the
laboratories are (i) the Daniell cell and (ii) the
Lechlanche cell.

(i) The Daniell Cell

This cell has a zinc electrade in a solution
of H,SO, and a copper electrode in a solution
of CuSO,. The two liquids are separated by a

porous cup as shown in fig. 6.6. The zinc plate
is amalgamated to eliminate the effect of

impurities. When the cell is in action SO}~ ion
combines with zinc at the electrode to form

AN

{ ER RS0

Fig. 6.6 Fig. 6.7
zine sulphate while 2H* ions move out through
the walls of the porous cup. On reaching copper
sulphate solution these ions form -JHZISO s
displacing copper. It is deposited at the Cu
electrode. The CuSO, solution thus acts as the
depolarizer, as it prevents hydrogen, the most
common source of polarization. The internal
resistance of the cell is high, however. It is best
used when a continuous current for a longer
period is desired. Itsemf'is 1.09 V. :

(ii) The Lechlanche Cell .
In its basic form this cell has zinc and
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carbon electrodes in a solution of ammonium

chloride (NH Cl). The carbon electrode is kept

in a porous cup packed with manganese
peroxide (Mn O,), which acts as the depolarizer,
as shown in Fig. 6.7. Here NH,Cl dissociates -
to NH,* ion and CI™ ion. NH,* ions move to
carbon where they form ammonia (NH,) and
hydrogen (H,). The latter reacts with MnO,
forming Manganese dioxide (Mn,0,) and
water. As the depolarizing action is somewhat
slow, the cell becomes polarized if used
continuously, On remaining idle, it recovers. It
is therefore used for intermittent service. Its emf
is 1.5 V.

(iii) The Dry Cell

The torch light cell or common dry cell is
a special form of Lechlanche cell. The only
difference is that here the depolarizer and the
electrolyte are mixed together to form a paste.
The cell is contained in a zinc can which serves
as the -ve electrode. Its internal resistance is
nearly 0.1 ohm. Hence large currents may be
drawn momentarily before polarization
develops. The cell is portable in size and is
readily available in market in different sizes. It
is shown in fig. 6.8. Itisemfis 1.5 V.
Puch € Carbon

Fig. 6.8 (Dry Cell)
(iv) The Weston Standard cell
The very name indicates that this primary
cell provides a highly accurate standard emf. It

is contained in a closed glass tube made in H-
form Pl‘an num wires sealed into the.g{ass make
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contact with the electrodes which are mercury
and cadmium amalgam respectively. Above all
mercury is a paste composed of mixed cadmium
sulphate and mercurous sulphate which is the
depolarizer. Cadmium sulphate is used as the
electrolyte. It provides an emf of 1.0816 V at
20°C. This emf has a -ve temperature coefficient
with 4 parts in 100000, which indicates that its
emf hardly varies. It is shown in fig. 6.9.

(The Weston standard cell)
Fig. 6.9
(v) Secondary Cells (Lead Accumulator)

Electrochemical cells which can be
rcharged after being used, are known as the
Secondary Cells. Lead accumulator or Lead-
acid cells used as automobile battery is the
common example of such cells. It is shown in
Fig. 6.10. The cell was devised by Plante in

1859. When fully charged its electrodes are -

plates of Lead Oxide (Pb O,) as anode and of
lead (Pb) in spongy form as cathode. The
electrolyte is a solution of sulphuric acid
(H,S0,) with a specific gravity of 1.20to 1.28.
For larger capacity each electrode consists of a
number of plates connected together as shown
in fig. 6.10 b, Insulating separators prevent plates
of apposite polarity from coming into contact.
'On connecting the electrodes externally
" the cell begins to discharge. The SO~ ions of
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H, SO, move to the -ve plate i.e. the lead plate
to form PbSO,

i.e. Pb + 8O, =PbSO, + 2¢

At the +ve plate 2H" ions reduce PbO, to PbO
and forms water i.e.

PbO, +2H* — PbO + H,0

Then PbO combines with H, SO, to form PbSO,
and further water i.e.

PbO + H, SO, — Pb SO, + H,0

Thus Pb SO, is produced at both the plates of

the cell and this is called the "Double sulphate
theory" of the cell. The reactions in charging is
exactly in reverse order, when the cell is
connected to the d.c. source of charging emf,

ie. H,0 5 2H" +0"~
Atthe anode pb SO, + 0™~ + H,0 — PbO, + H,S0,
PbO+ O — PbO,
Atthe cathode Pb SO, + 2H"+ — Pb+ H,S0,
Pb O+ 2H* = Pb+H,0

As the cell discharges, specific gravity of
the electrolyte falls. The cell is said to be fully

~ discharged when it falls to 1.15. The specific
‘gmi*itj}“ﬁlibuld not be allowed to fall beyond
" that a8 it causes serious damage to the cell by

increasing its internal resistance.

The emf of a fully charged cell is 2.05 V
and it falls to 1.8 V when discharged. Itis farely
steady. The internal resistance is small i.e. 0.01
ohm or less. As there is no appreciable
polarization, current obtained from the cell is
large. These are the advantages of the cell.
However, it is not ordinarily portable. Its

“capacity is expressed in Ampere hours.
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(o) —
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(e

(The Lead Accumulator)
Fig. 6.10 (a)

Fig. 6.10(b)

. The internal resistance of an
electrochemical cell depends on its electrode
area and, the cell material. Cells of larger
electrode area have less internal resistance. The
internal resistance of a brand new cell is less.
As the cell is used gradually, it increases.

At high temperature, acell is discharged
more rapidly whereas extremely low
temperature slows down the chemical reations,
leading to lower output from the cell. The best
operating temprature for a chemical cell is
around 27° C.

(b) Magneto-mechanical source

It is the source of emf based on the
principle of conversion of mechanieal energy
into electrical when magnetic flux linked with
a coil is made to change with time. The
phenomenon called electromagnetic
induction, was discovered by Michel Faraday
in 1831. Since then it has been the ghief source
of generating electrical energy in the modern
world. Dynamo or generators work on this
principle. All hydroelectric projects; thermal
power plants and nuclear power plants use this
principle to generate energy. The details of
electromagnetic induction will be discussed in
chapter 9.

(¢) Thermo electric source

Such sources convert thermal energy
into electrical energy directly. The device is
called a thermocouple as shown in fig. 6.1 1. If
the two junctions of* two different metals are
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maintained at two different temperatures, charge
flow occurs in the circuit formed by them and a
current is established. The flow continues so
long as the temperature difference between the
junctions is maintained. The phenomenon is
called Seebeck effect and the emf is called
Seebeck emf. :

Cralvanometer

¢ (\Q‘FS /

Cuppet
fron PPe

SN0 _~ e & water Bunsen Nlame
s I;og el
L L "'

Fig. 6.11 (A thermocouple)
(d) Photo-electric sources

Such sources called the photocells are
based on the principle of photoelectric effect.
If light of short wavelength falls on the clean
surface of certain metals such as potassium or
sodium, electrons are emitted by the surface.
When such a surface is made a part of an electric
eircuit, current is found to exist as shown in fig.
6.12. Thus light energy is converted to electrical
energy in a photocell.

Alkalimetal

Light
source

Fig. 6.12 (photo cell)

A solar cell is another device which converts
light from the sun directly into electrical energy.
Here an n-type silicon (a semiconductor device)
is sandwiched within a p-type siliconas shown
in fig. 6.13. When sunlight falls on the cell,
electrons move to the terminal of n-type region
and holes to the other terminal on p-type region.
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Object to be
powered

Fig. 6.13 (Solar cell)

On joining the terminals externally one gets
current from the cell till it is illuminated by
sunlight. Solar cells are in developmental stage
and may play an important role in solving the
so called energy crisis in future,

(e) Another source of electric current is seen in
devices like microphones, oscillators,
phonograph pick ups and frequency stabilizers.
These devices use some crystals such as quartz,
~ tourmaline, rochellsalt etc. which develop tiny
emf between their ends when slight pressures
are applied. The phenomenon is called
piezoelectric effect. The cell so developed is
called a piezoelectric cell. The generated emf
may be amplified and used. It is shown in
fig.6.14.

/quanz
+ 1=
i
+ _.|;. -—
G
Flg. 6-14

(A piezoelectric source of'cmﬂ
6.3 Electrical Circuit accessories

An electrical circuit is a closed path for|
the motion of charge carriers. A simple d.¢.
circuit is shown in fig. 6.15. Here
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©
‘v‘ml\iw' @
= £
{h} I I I I y Rh
Fig. 6.15

(A simple d.c. circuit)
€ is a direct current source of ¢.m.f.
ris the internal resistance of the source,
K is the switch or key, .
Rh is the rheostat (a variable resistance),
R is the external resistor.
V is the volt meter

and A isthe ammeter.

All these components of the circuit are
known as circuit accessories, about which let
us make a brief discussion here.

(a) The source of emf

We have already made some discussion
about the different sources of emf. Each such
source provides energy to the mobile charge
carriers for their motion in a circuit against the
circuit resistance. A d.c, source of emf is
represented as two parallel straight lines of

unequal lengths i.e. -||-. the longer one

repersenting the +ve terminal and the shorter
one, the -ve terminal. The internal resistance r
of each source of emf is represented as _wwe—,
adjacent to the source of emf as shown in the
circuit diagram. An alternating source or a.c.
source of emf is shown as —&—— in the
circuit diggram.

(b) The key or switch

Ivis used to make a circuit operate when
it is closed. When the key is open the circuit
does not function. It is shown as symbol
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—( )—or__/ ___ina circuit diagram.
We have seen the switches used in household
wiring. The keys or switches used in laboratories
are somewhat different from them. Each switch
has two conducting parts, each part provided
with an insulating portion where it is held or
operated by hand for safety. The two conducting
parts remain separated when the circuit is open.
These are joined or touched together to make
the circuit operate. The diagram of two such
keys are given in fig. 6.16a and 6.16 b.

(b) (Tap Key)

(a) (Plug Key)
Fig. 6.16
(¢) The Rheostat

It is a coil of wire having its resistance
proportional to its fength. It is used as a variable
resistor and connected in the circuit in such a
manner that a part of the whole coil is included
in the circuit. The resistance is changed by
changing a point of slding contact over the coil
s0 as to include the required length of the coil
in the circuit. The diagram of a rheostat is given
in fig. 5.12. It is represented by the symbol

A in the circuit diagram,
(d) The External resistor

Resistive wire or coil connected in the
circuit is called the external resistor R and its
circuit symbol is —Asww—.

(e) The Voltmeter

It is a device to measure potential
difference between two points in the circuit or
the terminal potential difference of a source of
emf. It is always connected in parallel with that
portion of the circuit between the endsof which
potential difference is to be measured as shown
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in Fig. 5.8. Its +ve end is connected to the point
of higher potential and the -ve end to the point
of lower potential. Its resistance is high and the

circuit symbol is . The details of its

construction will be discussed later.
(f)  The Ammerer

It is a device to measure the current in the
circuit and is connected in series with it. The
+ve end of the ammeter is connected to the point
of higher potential and the -ve end 1o the lower
potential end. Its resistance is negligibly small
and its construction details will be made later.
In the circuit diagram it is represented by the

. "C>—_' =

(g) The connecting wires

symbol *

L]
These are usually copper wires of low

resistance and are representated by the

symbol— in the circuit diagram. Such wires are
coated with insulating material for safe handling.
The resistance of these wires is not taken into
consideration while calculating the total ciruit
resistance.

Besides these accessories usually used in
a simple circuit, there are some others which
are used as per requirement. Let us mention in
brief some of them.

(h) The Galvanometer
It is an instrument used to detect electric
current in the circuit. It is connected in series
with other components and is represented as
@G in the circuit diagram. In
construction a voltmeter or an ammeter is a

modified version of a galvanometer. Every
galvanometer has some appreciable resistance.

(i)  The Commutator

It is 4n arrangement to reverse the
direction &f current in the whole ‘circuit or in
part of the circuit. Fig. 6.17 gives the diagram
of a plug type commutator, which 4saf0urway
plug key in practice.
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Fig. 6.17 Plug Commutator
6.4 Grouping of resistors and cells

Electric circuits in practice may contain a
number of resistors and cells connected in
different ways. We may have the following
types of combination.

(i) There may be a single source of emf and
a number of resistors connected in a
regular pattern.

(i) There may be a number of sources of emf
' connected in a regular pattern, the
combination being connected to an
effective external resistance R.

(iif) There may be a number of resistors all
combined in complicated ways with or
without any regularity among them so that
it becomes a network.

In the first and second cases we may solve
for circuit currents or other circuit
parameters by the application of Ohm's
law, which may fail in the third case.
There we take resort to the Kirchhoff's
rules which will be discussed in due
course. Let us analyse the cases one by
one.

Case (i) Grouping of resistors

Here a number of resistors are combined
in a regular pattern to form a network. The
combination has two end points which are
connected with the battery or other circuit
elements.

The equivalent resistance of the
combination is that single resistance which when
used in place of the combination draws the same
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current for a given potential difference V across
the end points. We may have

(a) series grouping and

(b) parallel grouping of resi tors,
(a) Series grouping

When a number of resistors are connected
end to end one by one, these are said to be in
series grouping, as shown in fig. 6.18. There
are three resistors R, R, and R, connected
between the points A and B of the circuit.

——] 1| k-
Fig. 6.18

(Series grouping of resistors)

As shown in the diagram the same current I is
maintained in all the resistors whereas the
potential difference across each of them is
different. The effective potential difference V
between the points A and B is the sum of the

potential differences V , V, and V, across the
resistors R , R, R, respectively, i.c.

Vs Vl S VoH \.»'3 .(6.4.1)

According to Ohm's law V, =R V, = IR,,
V,=IR;; so that

V=i (R|+ R:,+ Rj)

= R=R;+R;+R; ..64.2

where R is the effective resistance of the
combination. Egn. 6.4.2 may be generalized if
there are n number of resistances Rl. Rr ......

Ri. ....... i Rl1 in series i.e.

_. R-;Zgi

..(6.4.3)
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It is to be noted that in a series combination of
resistors

(i) theequivalent resistance is always
greater than any individual
resistance,

(i) the ratio between any two
resistances in series is equal to the
ratio of voltage drops across them;

R,

. Vi R, V)
1.€. Rz

V,' R, V, o

(iii) the more the number of resistors
combined in series, the less is the
current in the circuit for the same
source of emf.

(b) Parallel grouping

If the ends of all the resistors in the group,
are connected between two common points in
the circuit, the combination is called a parallel
grouping of resistors.

In fig. 6.19, three resistors having
resistances R, R, and R, are shown in parallel
combination between two common points A
and B. The points A and B are connected to the

Iy
AfL _Ri\ B

I I
9 :"’ 11
—o—|[1[F—=—
Fig. 6.19

(Parallel grouping of resistors)

terminals of the battery through key K. Here
the potential difference between the ends of each
resistor i.e. between A and B is the same. Hence

the main current I divides itselfto] ,Land [ at -
A to flow through R , R, and R, respectively. 1=t

169

I,,1, and 1, again mix up at B to flow as current
I'in the rest part of the circuit. We may write

=1 +L+]1, ..(6.44)
where I,=E-. I, = v and I, =_V_

according to Ohm's law and V is the potential
difference between the points A and B.
Substituting for I, I, and I, in eq. 6.4.4 we
have

vV V V¥V
I=—+—+—

R, R, Ry
A Sl R o
V R, R, R, .(6.4.5)

If the effective resistance between A and B is

taken as R, then -'L- = -;',- by Ohm's law. Hence
from eq. 6.45

Ml e
sk i B
R R, R, R,

.-(6.4.6)

Obviously R is the equivalent resistance of the
combination of R,/ R, and R, in fig. 6.19. For
n no. of resistors having resistances R , R, R,
......... Ri' s R, cONNected in parallel, eq.
6.4.6 may be generalised as

ool )
2R

i=]

.(6.4.7)

It is to be noted that in parallel grouping of
resistors

(i) The equivalent resistance is always less
than the lowest resistance of the group.

(i) The ratio of currents in any two resistors
is equal to the inverse ratio of their
respective resistances. i.e.

_%-%“%' etc. ..
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The total current is the sum of individual
pathcurrentsie. I=1 + 1, + 1 ...cc....

(111)

The voltage is the same across all resistors
in parallel.

(iv)

(¢) Mixed grouping

When some resistors in a net work are

combined in parallel and some others are in

series, the equivalent resitance is calculated as

follows. .

(i) At first the equivalent resistance of all
resitors in parallel is calculated using eq.
6.4.7 and it is denoted as Rn'

(i) The total resistance of the mixed grouping
is found by adding R with all other
resistances in series according to eq. 6.4.3.

Ex. 6.4.1 Calculate the equivalent resistance

of the combination of resistors in fig. 6.19 if

R,, R, and R, are respectively 2€2, 4Q apd

8Q. :

SR, = i ohm = thm = 1.1430hm

P 7/8
Ex. 6.4.2 Calculate the equivalent resistance
of the circuit given below and find the current
in each resistor.

Here Rl and R2 afe in series. Their effective
resistance RS = RI + R._, =10 Q+20 Q=300

Since R, and R are in parallel

e il
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50 that

_ RiR, _ll)xBOQ:BD

= = =750
R,+R, 10+30 4

-, Total resistance RI of the circuit is given as

R, =R, +R, +r =30Q+75Q+05Q=38Q

e _EY=0,05A

TR, 38Q
6.5 Grouping of cells

Cells are often combined in groups to get
larger emf or larger current. There may be (a)
series grouping, (b) parallel grouping, (c) mixed
grouping of cells.

(a) Series grouping of cells

When a number of cells are joined end to
end so that the same quantity of electricity must
flow through each, the grouping is known as
series grouping. In such a case, the -ve terminal
of the first cell is connected to the +ve terminal
of the second, the -ve terminal of the second is
connected to the +ve terminal of the third and
so on., The external resistor is connected
between the +ve terminal of first cell and the
-ve terminal of the last one. Such a series.
combination of cells is shown in fig. 6.20(a) and
6.20 (b). In fig. 6.20 (a) there are three cells
each of emf € and internal resistance r, whereas
in fig. 6.20(b), the cells in series differ in emf
and internal resistance r. In either case

R, Re
AN . YTV
I_/ EEE '_/ f‘—'l €, €;
K 'rHlﬁ I‘ K lli' lél '1‘1
“(a) (b)

Fig 6. 20 (Series grouping of cells)
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1. Theemf of the battery is equal o the sum
of the emf™s of the individual cells, i.e. in

fig. 6.20 a, the emf of the battery €,=3 €
and in fig. 6.20b € =¢ +¢€, +€& . The
same principle applies for n cells in series,

ie. E, =€, +&, + 6, +....+8, ...(65.1)

o

The current in each cell is the sume and is
identical with its main current in the circuit.
3. Thetotal intemnal resistance r_is equal to
the sum of the internal resistdnce of each
cell,i.e.
L= +0 +r 4. (6.5.2)

If we take a combination of n identical cells each
of emf & und internal resistance r, the effective
emf of the combination €, =n& and the effective
internal resistance r_=nr. 'I_‘hcn total resistance
of the circuit = nr + R _and the current I drawn
from the arrangement is given by

ne

| =
nr+ R, (6.5.3)

In eq. 6.5.3 if R << nr i.c. total external
resistance is negligible in comparision with total
internal resistance,

..(6.5.3)

Here the current in the circuit due to n cells in
series is that due to a single cell and the grouping
has no advantage. On the otherhand if R_>>
nr. then the total internal resistance is negligible
in comparison with the total external resistance

ne

and I= == (6.5.4)
nr+R, R, SEPNE ST

so that the current in the circuit becomes n times
the current due to a single cell.

Almost in all practical cases, r of cells
“being small, the series grouping of cells has the
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advantage of increasing the current in the circuit.

Ex. 6.5.1 If the emf and intemal resistance of
each cell in fig 6.20 a is 1.5 V and 0.20Q2
respectively and R_ = 17.4Q find the current
in the middle cell of the combination.
totalemf=3x [.5V=45V

. total resistunce of the circuit =
3x02Q +174Q =18Q

Here

g L 4.5V
‘ m'+R‘. 18 ohm =

025A

.+ the current in cach cell is the same in series
combination and is equal to the main current in
circuit, the current in the middle cell =0.25 A.

(b) Parallel grouping of cells

A number of cells are said to be connected
in parallel if the positive terminals of all the cells
are connected to one common point and the
negative terminals to another common point.
These two common points are connected to the
external resistor of resistance R . In fig. 6.21 is
shown the parallel grouping of three cells each
ofemf € and internal resistance r. A and B are
the two common points where the +ve and -ve
terminals of all the cells have been connected
respectively. R is the effective external
resistance connected between A and B through
the key K.

Re K

r
A rl'e '
rl g

" Fig.621
* (Parallel grouping of cells)
In such a combination of cells
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1.  theemf of the combination is equal to the
emf of each cell. Thus the effective emf

in Fig. 6.21 is €, = g,

2. since the internal resistance of each
identical cell is the same, the effective

internal resistance r_ is given by

(Thus for n cells each of internal

resistancerandemf € 1, =)

3.  Thetotal current in the circuit is given by

e o e
r+R, E+R, nR +r
..(6.5.5)

It is equally divided among all the cells.

It is seen that if R, >> 1, then r. is
negligible in companson withnRineqn.6.5.5
and

ne €

nRR

..(6.5.6)

i.e. the current in the circuit is equal to that due
to asingle cell.

If the internal resistance r of each cell is
so large that R _is negligible in comparison with
r. Then, from eq. 6.5.5

This shows that the current in the circuit
becomes n times the current due to each
individual cell.

Ex. 6.5.2 Calculate the current in the circuit
and that in each individual cell in fig. 6.21 if £

and r of each cell are 2V and 0.2 Q2 respectively
L |

. (65.7),

Bureau's Higher Secondary Physics

and R== 10€2.

Here three identical cells are in parallel.
Thusn=3, =2V, r=02Q andR_=10Q

. From eq. 6.5.5
_ 3x2V. 6V
T 3x10Q+02Q  302Q
-» Iisequally divided among all the 3 cells then
1.999A

=019A

=0.0667A ,

current in each cell =

(¢) Mixed grouping of cells

Sometimes cells are grouped in series and
in parallel to get a desired current. It is
particularly necessary when the internal
resistance of the cells cannot be neglected in
comparison with the external resistance R . Let
us take a combination in which all the cells have
the same emf € and same internal resistance r.
Let there be m rows of cells connected in parallel

with n cells in series in each row as shown in
Fig. 6.22 where m=3 andn =4.

e JW\MWVW“_

K .

" HHH
HHHH—

L {HHH—

Fig. 6.22
(Mixed grouping of cells)

. l -
Obviously the effective emf of each row=ng
= g, (say) since there are n cells in series. Also

the effective internal resistance of each row =
nr = 1, (say). As there are m rows of cells in
parallel the effective emf € of the combination
= the effective emf of each row. Thus

..(6.5.8)

Similarly the effective internal resistance re of
the combination is given by

E.= €y =ng
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1 I .
—=—+—+---mtimes

= =—" ...(6.5.9)

The total resistance of the circuit is given by

n
R, =R +1. =R, + é ..(6.5.9)

where R, stands for the effective external
resistance. The current in the circuit is given by

ne

m

J=

|

1 RE“‘I"

=

3R

mne

= [=—-
mR, +nr ..(6.5.10)

Condition for maximum current

Since the numerator in the R.H.S. of eq.
6.5.10 is a constant, the current in the circuit
becomes maximum when the denominator is
minimum. We may write the denominator

mRe+nr as follows.

mR, +nr= (\/mR, ]z + (Jn_r)2
=(J’IE—'JI;)2 +2 mnR,r

++2,/mnR,r is a fixed quantity in a given

combination, (mR_+ nr) is minimum when

(,}mR J_ ) 0'I'h1sleadsrdthecond1t|on

that

R =nr
_nr _ .

= = Li(6.5.11)

[ C
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Thus the maximum current is obtained for the
circuit when the effective internal resistance of
all the cells becomes equal to the effective
external resistance. Such maximumcurrent I
is given by

mne mne

[, = =
= ZJmnRer ZJch.J:;

o ] o YaME  wmE

max = OmR, O S (Usingeq.6.5.11)
e

AT > ..(6.5.12)

6.6 Kirchhoff's laws and their application
to any network :

* The rules and formulae discussed ip cases
(i) and (ii) to calculate effective resistance,
effective emf and currents in series, parallel and
mixed groupings of resistors and cells are based
on the application of Ohm's law. Very often it
fails to solve for unknown circuit parameters of
any complicated network of conductors and
cells. In such cases the two laws or rules
formulated by Gustav Robert Kirchhoff
(1824-87) become very effective in solving for
the unknown quantities.

Kirchhoff 's first law

Atany junction of an electrical circuit, the
sum of the currents directed towards the junction
is equal to the sum of those leaving the junction.
It is the same as stating that

"At any junction of an electrical network. the
algebraic sum of currents is zero."

'J"I 1
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Explanation :

The junction in an electrical network
means a point where two or more different
conductors meet. It is also called a branch point
or a node.

~ In fig. 6.23, P is identified as a junction
where conductors 1, 2 and 3 carrying currents
I,, 1, and I, respectively, meet and currents I
and I, flow out through conductors 4 and 5.
Then according to Kirchhoff's Ist law

.. (6.6.1)
+(0.6.2)

Eq. 6.6.2 is the mathematical version of the first
law. The convention followed to get this
equation is that currents directed towards the
junction are taken as +ve and those leaving the
junction are taken -ve. Accordingly eq. 6.6.2
can be written as

ll L, #lgH (- L)+ [)=0 ..(6.6.3)

which establishes the second statement of the

law. Let us multiply time At on either side of
eq. 6.6.1. Then

1'4-12+|3=14+l5

=5 l]+IZ+I‘-I4—IS=O

ll At -1-[2 At +I3 At =l4 At +l5 At

=> AQ, +AQ; + AQ, = AQ, +AQ; ...(6.64)

The L.H.S. of eq. 6.6.4 represents the
charges flowing through conductors I, 2 and 3
towards P and the R.H.S. represents the charges
flowing out of P in time At. It means that there
is no accumulation of charge at the junction at
any time, which is otherwise known as the
Principle of conservation of charge i.e.

"Charge is neither created nor destroyed
but is moved from place to place.”

Kirchhof 's second law

"The algebraic sum of emf's round a loop
in an electrical network is equal to the algebraic
sum of voltage drops around the loop."
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Explanation :

Here loop means a closed conducting
path in the network. ABCDA shown in fig.
6.24 is such a loop of certain electrical network.

It contains two sources of emf's £ and €,
having internal resistances r, and r, respectively.
R,, R, and R, are three resistances present in
the loop. The currents in different parts of the
loop are indicated in the figure.

In such a loop we may trace an element
of charge from A to B to C to D and back to A.
In this path the charge encounters rise and fall
of potential. Let us follow the convention that

(i) an element of charge passing through a
source of emf in the direction of emf i.e. from
-ve terminal to +ve termiral, is raised in potential
by the amount of emf. It implies that here the
charge gains energy.

Consequently there is fall of potential or
loss of energy if the charge moves through the
source of emf in the opposite sense i.e. from the
+ve terminal to the -ve terminal.

£ t
l | I L:
- h—' l = '_| —
AV =4¢ AV =—¢
(gain of energy) (loss of energy)

(i) an element of charge passing through a
resistor in the direction of current loses energy
in the form of heat and consequently faces a
fall of potential or potential drop by IR.
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Itimplies that in passing through a resistor
opposite to the direction of current an element
of charge has -ve loss of energy which means
that it has gain of energy. Thus it faces arise in
potential or has -ve potential drop.

The convention followed for any resistor
also applies to the internal resistance of a battery
oracell.

— Paili — Pl
I B [ R 3
it WV Vil _qu\-.—q_
AV=-IR AV =+IR

Let us apply these two conventions and consider
the motion of an element of charge through the
loop ABCDA of fig. 6.24.

From A to B energy gain per unit charge or
rise in potential = €,
energy loss per unit charge or fall
of potential =I,r,
(By conventions (i) and (ii) respectively)
From C to D energy loss per unit charge or fall
of potential =1, R
[Convention (ii)]
From C to D energy loss per unit charge or fall
of potential = LR, + L,r,
[Convention (i)]
From D to A energy loss per unit charge or fall
of potential = I,R;
[Convention (ii)]

Hence for the entire loop ABCDA energy gain
per unit charge or rise in potential =
E. -Ilrl _IGRI "‘lsz -Izrz —E: —]3R] . As
all these energy changes take place under an

electrostatic field which is a conservative one,
their sum must vanish i.e.

g~ 15 ~LR, —L,R, - —¢, 'IsRal =0

...(6.6.5)
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Eq. 6.6.5 is thus the mathematical statement of
Kirchhoff's second law as applied to loop
ABCDA. It is based on the principle of
conservation of energy.

Application of the laws

Kirchhoff's laws are used to solve for
unknown quantities like current, potential
difference, emf, resistance etc. in a network of
coductors and cells. The procedure for such
solution is as follows.

1.  The juctions and loops are to be
properly identified.

2. Unknown currents, if any, in the
network are to be indicated by I,
Ly L. etc. in the different
branches and arbitrary directions
are assigned to them.

3.  Independent equations equal to the
number of unknown quantities in
the network are developed using the
first law and the second law of
Kirchhoff.

4.  These equations are solved to find
the unknowns.

5.  Incase of unknown currents, if the
solution comes out to be negative,
the true direction of current in the
branch is to be taken in the opposite
direction of the assumed one.

N.B. : Special care should be taken to see
that the simultaneous equations which are
developed are all independent.

Let us illustrate it with an example and solve

BT e F

hl\ R, = W0 : & =45v  ¢I,

A _m—h———ll—————- B

Ly g, =30v l R3 =200
| f=10 Iy b [

l) - 1= i = C':‘ L]

i Fig. 6.25 '
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for the currents in the three resistors R, R, and
R, in the circuit diagram given in fig, 6.25 with
the datas as indicated in the diagram. Let the
currents be I, I, and L, in the three resistors,

their d:rectlons bcmg mdlcated by the arrows.
Three independent equations are needed to be

solved to find R, R, and R,. Applying
Kirchhoff's 1st law to junction A, we have
L=1+I i)

(Note that the current equation for junction B
is the same as that for A and need not be taken.
It is always advisable to write such equations
for all but one junction.)

Applying Kirchhoff's second law to the loop
ABCDA

4012+13-45+2013+IJ-50=0
= 41L+21L=95 (i)
The same law applied to loop AEFBA gives
-301, +45-1,-401,=0
= 30I +411,=45 s L)

The loop equation for the loop AEFBCDA need
not be written in this case. Now using equation
(i) in equations (ii) and (iii) respectively we have

411 +411,+211,=95 .(iv)
and 301, +411,+411,=45 .V
ie. 411 +621,=95

and 711 +4ll =45

from (iv) ....(vi)

(vii)

from (v)

;;;;;

I andl wehave g Tt
~I s 10,406 A
and I, =1801A

Hence fromeq. ()1, =1 395 A

Itis to be noted that the -ve si gn forl indicates
that the actual direction of current in the branch
EF is from F ta E, net from E to F. The
directions of I, and 1, as indicated are correct.

circuit when K,
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Application of Kirchhoff's rules to a-
balanced wheat stone's bridge

A Wheatstone's bridge is an experimental
arrangement for measurement of unknown

.resistance. It contains four resistances P, Q, R,

S out of which three are known and the fourth
is unknown. The circuit diagram of the bridge
is given in fig. 6.26.

D
<

| Fig. 6.26 (Wheatstone's bridge)

In the diagram P and Q are connected in series
at the junction B and R and S are connected in
series at the junction D. The two series

‘combinations are connected in parallel at the

junctions A and C. Besides these resistors the
bridge contains a battery of emf € connected
between A and C through key K . It also
contains a galvanometer G connected between

B and D through key K,

The battery maintains a current in the
is closed whereas the
galvanometer detects the current, if any, in the
path BD when K, is closed.

In one particular arrangement, the
resistances P and Q are so chosen that their ratio
P/ Q becomes a fixed one. Then the resistance
R is adjusted in a given sequence to get no
current in the galvanometer by closing the keys
K, and Ke. No current in the galvanometer is
indicated by null deflection of its pointer from
its normal position. A practical example of this
arrangement is seen in a post office box.
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In another arrangement R is given a fixed
value and the resistances P and Q are adjusted
till no deflection is obtained in the galvanometer.
Measurement of unknown resistance using a
meterbridge is an example of this arrangement.

In either of the arrangements the bridge
is said to be balanced for no current in the
galvanometer. Under this condition the
resistances P, Q, R and S satisfy the relation

P R

Q S

which enables one to find the unknown
resistance S, knowing P, Q, R from eq. 6.6.6.

..(6.6.6)

The conditon represented by eq. 6.6.6 is
obtained by applying Kirchhoff's law as follows.

In Fig. 6.26 let the main current be I which
divides itself into I, and I, at junction A so that
we have

I=1+1,
(from Kirchhoff's first law)

.(6.6.7)

The current I, is further divided into I l;andl Is
at B which ﬂow respectively through the
branches BC and BD of the bridge. ! unites
with 1, at D so that the current through DC
bccomcsl +1 . This current meets WIlhl -l

of the branch ﬁC at C so that it hecomcs thc
main current I to flow through the rest of the

circuit. I represents the current lhmugh the
gdvanomelcr '
Applying Kirchoff's second law to the

loop ABDA and BCDB respectively we have
two equations

-LP-1 G+L,R=0 ...(6.6.8)

- (I, -I)Q+(I +IJS+I G=0
...(6.6.9)

Here G is taken as the resistance of the
galvanometer. sy L

The three simultaneous equations can be

and
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solved to obtain an expression for the current Ig
in terms of the other parameters. However, the
process is lengthy and tedious as it is hardly of
any use except that we put I_= 0 to obtain the
balancing condition of the bridge. Hence let us
avoid it. On the other hand let us putI_ =0 in
equations 6.6.8 and 6.6.9 as it is the bafancmg
condition. We now obtain respectively from eq.
6.68 and eq. 6.6.9

-1,P+LR=0 .6.610)
and -1,Q+1,5=0 (66.11)

From these two equations it is easily obtained
that

P R

Q S
which is the relation given by eq. 6.6.6 among
the four resistances of the bridge under the
balancing condition. This relation helps us to
find S which is usually taken as the unknown
resistance when P, Q and R are known.

Two familiar devices used for making
practical Wheatstone's bridge are (i) Meter
Bridge and (ii) Post-office Box and these are
shown in figures 6.27 and 6.28 respectively. The
adjustments have been hinted earlier to obtain
the balancing conditon. The students are advised
to go through any intermediate pamcncal book
to find the detailed procedure.

"'1":' ' "‘F]g 627' LT TET) P TS,
IR o o "A‘meh'ebndge matl 21 44

1

(Ll
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Fig. 6.28
(Post office box)

6.7 Potentiometer:

Potentiometer or called stretched-wire
potentiometer is a device which does not draw
any current from the given circuit and still
measures potential difference. Thus it is
equivalent to an ideal voltmeter.

Potentiometer consists of a long wire AB,
nearly 5 to 10 meters long, fixed on a wooden
board (fig.6.29). Usually, pieces of wire each
of | meter long are joined through thick copper
strips end to end, so that they act as a single
wire of length 5-10 meters.

1 Fig.6.29

Principle: - The ends A and B are connected

to adriving circuit, consisting of a rheostat Rh, .

a strong battery E, and a plug key K. The driving
circuit sénds a current i through' the wire AB.
This creates a potential gradient, decreasing
from A to B. One end of the galvanometer is
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connected to a metal rod fixed on the wooden
platform (/board). A set of Jockeys fixed on a
small board slides on the metal rod. The jockeys
are so arranged that we can make a touch with
the desired wire by pressing the jockey just lying
above that wire piece. In whis way the
galvanometer gets connected to a point J of wire
AB. The length of the wire between A and Jis
measured with the help of the scale S fixed on
the wooden platform. The other end C of the
galvanometer and the high potential end A of
the wire, forth the two end points (terminals) of
the potentiometer. These points are connected
to the points between which potential difference
is to be measured.

Applications:
A.  Measurement of potential difference (P.D.):

Suppose we need to measure P.D. between two
points 'P' and 'Q'. Let 'P' be at a higher potential
and 'Q' at a lower potential. Now connect the

“point 'P'to the end A and point 'Q" to the end of

C of the galvanometer. The circuit is shown in
fig.6.30. AB schematically shows the
potentiometer wire. Then the jockey is touched
at J such that there is no deflection in the
galvanometer. This implies J and Q are at same
potential. Suppose, the driving circuit sets up a

e
Lo

Fig.6.30

- e e, - S

potential difference V|, between ends A and B

of the potentiometer wire. As the wire is
uniform, the resistance of a piece of wire is
proportional to its length. Hence P.D. across a
piece of wire is also proportional to its length.



Direct Carrent Circuits
If AB = L and AP =, then P.D. between points

———(6.7.1)

Jis ¥ = V—
and J is 07

This is equal to P.D. between P and Q,
which was our aim to measure. Now in order

to know V we need to know F, the total

potential drop across AB. If the EMF of the
standard cell is & and the potentiometer is
balanced when AJ =/, then from eqn. 6.7.1

ly L
8=Vo-z=:- F, =E£ (6.7.2)
v /
This gives =I_E

n

This process of finding V, is called calibration
of the potentiometer. it is to be noted that when
the potentiometer is balanced during its
calibration there is no current through the
standard cell.

B. Comparision of Emf to two cells:

Prare %-ﬁ
i

R

|
e
‘ Fig.6.31

The driving circuit of the potentiometer
is set up with a strong battery '‘B' and a variable
resistor (rheostat) R so that potential difference

¥, across AB shall be definitely larger than the

emf of the cells which are te be compared. First
of all 1 and 3 are connected so that ¢ell of emf

g, is included in the circuit. Then the Jockey is
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moved on potentiometer wire until we get the
balance point N . If AN be of length /, then as
per eqn. 6.7.1 we have

(6.7 .4)

Then 2 and 3 are connected so that cell of emf
£, is included in the circuit. Again the Jockey

is moved on the potentiometer wire until we get
the balance point N.. If AN, be of length /, then
as per eqn. 6.7.1 we have

&=, E‘- ——e(6.7.5)
From eqn. 6.7.4 and 6.7.5 we get

CAU

e |, —em—(6.7.6)

The value of emf of a cell can be also
measured by taking one of the two cells a
standard cell of known emf,

C. Measurement of internal resistance

of a cell.
n’f—
EI I—»—u F S smeunias
J
1 L
[ |
T
[
) |
[
’—I s} - ]
e B i 74 iy
Fig.6.32

The circuit is completed as per fig.6.32. The
key K, is closed and K, is kept open and then
applymg Kirchhoff's laws and anaiyzmg we
obtain

A LER

A & (Pl = —~Bon ool ST

Then the Jockey is moved until anull pointJ, is
reaced. In this situation no current (i, = 0) flows
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through the galvanometer as well as the cell E,
and resistance R. So if length of AJ be /,

il =E, e (6.7.7)

V
Where 4= -f is the potential gradient, ¥ is

potential drop over AB and L is the length of
AB. Next both keys K| and K, are both closed
(See fig. 6.3.3) and balance point J, is obtained,
giving length of AJ, eual 10 /,. Applying
Kirchhoff's law

and analyzing we obtain

iyr —(i—i, =i, )R=—E, -———(6.7.8)

The current (i, =i-i) flows through the
galvanometer. On moving the Jockey again
another balancepointJ, is reached. From eqgn.
6.7.8 we get

ifr+R)=-E, (6.7.9)
Again applying Kirchhoff's law to the loop

ACDGIJ PA we get under balanced condition
(i, =0)

~(6.7.10)
Solving eqns. 6.7.9 and 10 we obtain

i /
s i =1 which finally gives

r= *‘-,—* R - {6711
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Using equation 6.7.11 we can find the
internal resistance of the given cell. The
potentiometer has the advantage that it draws
no current from the voltage source being
measured. This ensures no interference with
internal resistance of the cell.

Worked out Miscellaneous examples

Example 6.1 : A lead acid accunulator has six
cells each of emf €= 1.5 V and internal
resistance 0.015Q . If it provides current to a

8.5 2 resistor calculate the same drawn from
the supply and the terminal potential difference
of the cell.

Solution :
R=850

MWW

£e=0v

o

The circuit diagram being given as above, we
have

§=1l5Vx6=9V
r,=0015Q x6=0.09Q
5 R, =1, +R=009Q+85Q =859Q
. Current drawn from the source =
£ PAY

= —=——=1048A
1= R, “ 8590

Terminal potential difference =

IR = 1.048A x 8.50=28.91 volt.

Example 6.2 : A battery of emf 2V and internal
resistance 0.1 Q is charged with a current of
SA. Find the sense in which current is
maintainéd in the battery. Calculate the T.P.D.

between the terminals of the battery.
(LLT. 1980)
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€
HHH———
[=5A
€ =2N
K {H!
Solution :

The battery to be charged is connected at
its +ve terminal to the +ve terminal of another
battery called the charging battery or charger.

In the circuit diagram of the problem g, is the
emf of the charger and ris its intemal resistance.
€ (=2V) is the emf of the battery which is
charged and r| is its internal resistance. Then

applying Kirchoff's second law to the closed
path of the circuit, we have

g =€ +Ir+lr
where I is the charging current

= a'—lrl= g +Ir

=> ¢g-Ir=2V+5Ax0.1ohm=25V

=> V= Terminal potential difference of the

charger

= Terminal potential difference of the
cell =2.5V

Here current inside the battery is maintained
from its +ve terminal to its nagative terminal
during charging.

Example 6.3 : In the circuit given below calculate
the potential difference between A and B assuming
that the batteries have zero internal resistance.

{ ) 1+ AAAAAAAA ———
X g=12v R=120Q
A B
: R, =08Q
£, =8V
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Solution :
When the circuit is closed Kirchhoff's
second law gives

-8V-Ix08Q-1x12Q+12V=0
=> 4V=1(0.8+ 1.2)ohm
4V

A= =2A
2 ohm

Potential difference between A and B
=g, —-IR, =12V-2A x12Q
=(12-24)V
=96V

This is equal to

=8V+2A x08Q =96V

Example 6.4 : Determine the current drawn
from a 12V source with internal resistance

0.5Q, by the following infinite network. Each
resistor in the network has a resistance of 1 ohm.

i Bl b 1 10 e

Solution :

Let x be the equivalent resistance of the
total external network of the resistors between
p & q. Since the chain is infinite the equivalent
resistance of the rest of the net work to the left
between a and b is alos x, since the addition or
subtraction of one more chain to or from the
network keeps it value unaltered. Thus the
equivalent circuit of the arrangement is drawn as

also g, +IR,

X
Now resistance between aand b = RI = m

(- x Qand 1 Q are in parallel)
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) X
Total external resistance = X = —+ n +2
X

= x(x+l)=x+2x+2
= X +x=3x+2

= X2x-2=0

x=+2—i2—-—— '4+8=l+~ﬁ and | -3

.+1—+/3 is-veitis descarded.

x= (3 +DQ=27320

Total resistance of the circuit =
(2732 +05)Q2

= 3.232Q

12V
3232Q

Example 6.5 : Show that the effective emf of
the two cells in parallel as given in the circuit

=371A.

Current drawn =

diagram below is given by
nn [8 Ve,
g, =—2-| L42
“ n+n [’1 h ]
£ N
3__‘| (VY S
ll‘r . nl!
£ .__azl |..~v-w ?1 €
Yo : A
e KT'R e

Let the currents in the branch def be I and
those in branches ab be I,. Then current infc=
1-1,. Applying Kirchhoff's 2nd rule to the loop

eabde we have +&, -1, 1, - IR =0 1)

Bureau's Higher Secondary Physics

The same applied to loop efcde gives
+€,-(I-1)r,-IR=0 «(2)

Multiplying (1) by r, and (2) by r, and adding
we have

(g,1, +€,5)—IR(5; +1)—Inr, =0

= &,4+&5 ={R(5 +5)+n5n}

£y +&,1;
= = =
R(r +n)+n1;
E,I': +81F1
I+ €
=y l= | 2 — e
R(r, +rg)+ N R+I’=
(p+1) n+n
g : g1 +E,1;
where we write g, =effectiveemf= —=—*—
n+n
Ir
andr, = —2
n+n
Thus effective emf

- £n +8:|rl = rlrz Ser +8!T1
1] T I Ij +I'2 l'il'z

5 [-8, - 8y
= g =—>|"4+=
h+n\n n

g

Example 6.6 : Find the current measured by the
ammeter in the circuit shown in the figure given
below. :
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Solution :

Examination of the network of resistors
shows that the combination is symmetrical in
the two parallel branchesace gandbd fh.

Considering the combination within the
arrangement it is seen that it is equivalent to a
balanced wheatstone's bridge in which the
potential difference between the points ¢ and d
or e and f is zero. Hence the connection of two
5002 resistors between ¢ and d or between e
and f does not influence the circuit current at
all. Thus we have two parallel rows of
resistances.

R of Istrowi.c. between aand g=30Q
(for 3, 10 () resistances in series)

R2 of 2nd row i.e. between b and h =
300

R, and R, are in parallel

RR, 30x30

- = Q=15Q
R,+R, 30+30

I= LU 04A
15Q

Example 6.7 : Five equivalent resistors each

~ of 1Q, are connected in a net work as shown in
the circuit given below. Calculate the equivalent
resistance between the points A and B.

1Q

AN

1Q 10 9]
AIAMA___ AMA_ LML B

AT

102

Solution :

The given arrangement of resistors is
equivalent to the combination of the resistors as
shown in the fig. a, given below.
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A C
1Q
Fig.a
It is a balanced wheatstone's bridge. Hence the
points C and D are at the same potential. The

1Q resistor connected between C and D is
totally ineffective. The arrangement is
equivalent to Fig. b

£9] 122
AN AANA
FT ol ol
A B
AATTTTTAANTT
10 1
Fig.b

Here two pairs of 1 resistors are in parallel,
each pair being arranged in series. If the
effective resistance between A and B is R, then

1 <% ~%

ol — Rl

R 2 2

=  R=18
SUMMARY

emf: The emf (electromotive force) of a
source is the influence of the source to make
charges (+ve) move from lower to higher
potential.

It is measured by the amount of energy
supplied per unit charge to make the charge
carriers move completely around a circuit of
resistors connected between the terminals of its
source. :

A source of emf converts some form of
nonelectrical energy to electrical in a reversible
process. This energy is stored within the source.



184

Electrochemical batteries, thermocouple,
fuel cell, photocell, dynamo etc. are some
examples of the sources of emf.

Terminal potential difference V of a
source is the work done per unit charge by the
source to make them move from one terminal
to the other externally.

Internal resistance r of a cell is the
resistance offered by the material of the cell to
the flow of charges.

The current 1 in a circuit is related with

€ [=
,V.Randras Rt

g-V=Ir

Resistances in a circuit may be combined
in series or in parallel or in both series and
parallel.

For series combination of resistors
R=R +R,+R +..

For parallel combination of resistors

A battery is acombination of several cells.
When cells are combined in series, the effective
emfincreases, the current in éach cell remaining

the same. It is given by [ = In parallel

ne
R+nr’
combination of cells emf of the circuit is the emf
of each cell, current in different cells being

different. It is given by

Bureau's Higher Secondary Physics

[=_DE
nR+r
In a mixed grouping of cells, current L is

mne

givenby I= , where m stands for

mR +nr
the no. of rows in parallel and n, the no. of cells
in each row,

In mixed grouping of cells current in the
circuit becomes maximum when R =r_where
R, stands for the effective external resistance of
the circuit and r_ for the effective internal
resistance of the cells. Kirchhoff's rules are used
to solve for the unknown circuit parameters in
complicated network of resistors and cells.

Kirchhoff's first rule : The algebraic sum of
currents at any junction of an electrical net work
of conductors and cells, is zero.

Kirchhoff's second rule : The algebraic sum
of emf's around a loop of an electrical network
is equal to the algebraic sum of potential drops
around it.

A Wheatston'es bridge is an arrangement of
four resistors, a cell and a galvanometer to
measure the unknown resistance.

The bridge needs to be balanced to
measure the unknown resistance using the
formula

P/Q=R/S
A meter bridge and a post office box are two
simple practical devices to make a Wheatstone's
bridge.
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C - MODEL QUESTIONS )

Multiple Choice Type Questions :

In a simple d.c. circuit supplying current
the emf of acell is

a) always greater than its terminal
potential difference.

b) always less than its terminal
potential difference.

c) always equal to its terminal
potential difference.

d) may be greater than or equal to the
terminal potential difference.

During charging of a storage cell, its
terminal potential difference becomes

a) zero

b) greater than its emf
c) less than its emf

d) equal toits emf

The phenomenon that works behind the
construction of adynamo is

a) thermo electric effect

b) magneto mechanical effect

¢) photo electric effect

d) chemical effect.

The smallest resistance that one can obtain
with five 0.2Q resistors is

a) 1Q b) 0.5Q

¢) 0.25Q d) 0.04Q2

In order to get a resistance of 0.1, the
number of one-ohm resistors to be
connected in parallel is

a) | b) 10
¢) 100 d) 1000

10.

11.

o) Ky ™

Three cells each of emf 1.5V and internal

resistance 1 Q are connected in parallel.
The combination will have an emf of

a) 4.5V b) 3V
¢) L5V d) 0.5V

A primary cell has an emf of 2V. When
short circuited, it gives a current of 4A.
Its internal resistance is

a) 0.5 Q b) 202
c) 6Q d) 8Q

A wire has a resistance of 12 ohms. It is
bent to form a circle. The effective
resistance between the ends of any of its
diameter is

a) 24Q b) 12Q
c) 6Q d)3Q

Three 2 ohm resistors are arranged in a
triangle. The resistance between any two
comers of the triangle is

a) 6 ohm b) 2 ohm
¢) 4/3 ohm d) 3/4 ohm

A 50V battery is connected across a 10
ohm resistor. The current obtained is
4.5A. The internal resistance of the battery
IS

b) 0.5Q

d) 5Q

Kirchhoff's Ist law is based on the
principle of

a) zero

a) conservation of charge
b) conservation of energy
c) sc.pamtion of charge
d) separation of energy.
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13.

14.

15.

Three resistors each of resistance 30Q
are arranged to form an equilateral trangle.
A battery of emf 2V and negligible
internal resistance is connected between
any two vertices of the triangle. The
current delivered by the arrangement is

a) 0.2 A b) 0.1 A
c) 0.067 A d) 0.033 A
An electric cable of copper has just one

wire of radius 9mm. Its resistance is found

to be 5. This single copper wire of the
cable is replaced by six different well
insulated copper wires each of radius
3mm. The total resistance of the cable now
becomes

a) 7.5 Q b) 45Q

c) 902 d) 270Q

Five resistances are connected to form a
bridge as shown in the circuit diagram
given below. The effective resistance

between the points A and B is nearly

20 30
A B
40 01
a) 333 Q b) 60
c) 6.67Q d) 15Q

A current of 2A enters into the
_arrangement of resistors given below at
A and leaves it at C.

16.

17.

18.

19.
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The potential difference between the
points Band Dice. V, -V will be

a)+2V b) +1V
¢) -1V d) -2V

Given below is an arrangement of
resistors in the form of a wheatstone's
bridge.

[
| 'e

For the bridge to be balanced, the
unknown resistance X should be

a)4Q b) 3 Q
c)2Q d1Q

Twelve identical resistors each having
resistance R are joined to form a skeleton
cube, The equivalent resistance between
any two diagonally opposite ends will be

a) 12R b) 3R
¢) 6/5R d) 5/6 R

A cell having an emf of 3V and negligible
internal resistance is connected across a
series combination of three resistances of

values 3Q, 4Q and 5Q. The potential
difference across the 4 Q resistor is

a) 05V by 1V
c) L5V d 3V

An electrician has only two resistances.
By using them he is able to obtain

resistances of 30,40 ,12 Q and 1602.
The two resistances are
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20.

a) 3Q2 and 13Q
b) 402 and 1202
¢) 6Q and 10Q
d) 7Q and 9Q

A total number of 24 cells each of emf

1.5V and internal resistance 0.5 are
combined in mixed grouping to deliver
maximum current in an external resistor
of 3Q . There are m rows of such cells in
parallel combination with n cells in series
in each row, Then the value of m and n
are

ayn=12,m=2
b)n=8,m=3
¢)n=6,m=4
dn=4,m=6

Very Short Answer Type Questions :

Define electromative force (i.e. emf) of a
cell.

Mention the main components of a simple
d.c. circuit. -

Can the potential difference across a
battery be greater than its terminal
potential difference 7

Does a conductor become charged when
a current is passed through it ?

How will you connect two resistors, each
of resistance R to get the maximum
current in a circuit of fixed emf ?

Mention the name of the principle on

which is based Kirchhoff's second rule.
State Kirchhoff's first rule.

Name the carriers of electric currentin a
voltaic cell and a lead accumulator.

Name the carriers of electric current in a
solar cell.

10.
1.
12.

13.

14.

15.
16.
I7.
18.

19.
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Write down the relation among €, V. r
and R, where the symbols have their usual
meaning.

Define internal resistance of a cell.

Mention the factor on which the internal
resistance of a cell depends.

A simple chemical cell has an emf of 2V,
When the circuit is open what is the
difference of potential between its two
terminals ?

Is there a net field which would give rise
to a force on a test charge inside the
electrolyte of a chemical cell ?

Name the effect behind the working of a
photo cell. '

Name the effect behind the working of a
thermo couple.

Which type of energy is converted to
electrical energy in a piezoelectric cell.

A fuel cell converts type of energy
into electrical energy. Fill in the blank.

Write two factors on which the internal
resistance of a cell depends.

[CBSE Al 2010}

Name the device used for measuring the
internal resistance of a secondary cell.

[CBSE 1996]
Short Answer Type Questions :

Explain the action of a source of emf in
an electric circuit.

What is used up in an electric circuit ?
Explain.

Two resistances R, and R, in series are
connected to a source o? emf having
terminal potential difference V. Find
expressions for voltages across R, and R,

Two resistors R, and R, are connected
in parallel and the main current across the

- groupis I Find expressions for the branch

currents in R and Rz.
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10.

1.

12,

14.

15.

16.

17.

Although the cost of electric energy from
dry cells is high, such sources are widely
used. Why?

Does a storage cell store up electricity ?
Explain your answer.

Justify that 1€ = 8q, where § is the speed
of charges q flowing steadily through a
conductor of length [ and L is the current
init.

Explain the circumstance under which the
terminal potential different of a cell
exceeds its emf.

When the direction of current in a battery
reverses, does the direction of its emf also
reverse ? Explain.

Show that the ratio of voltage drops across
two resistors in series is the same as the
ratio of their resistances.

Show that currents flowing through two
resistors in parallel combination are
invérsely proportional to their resistances.

State and explain Kirchhoff's laws in
connection with electrical net work.
(CHSE, 1989 S, 1995, 1996)

Distinguish between emf and potential
difference. (CHSE 1985 A, 1988 S)

Find the effective resistance of two one-
ohm resistors connected in parallel.
(CHSE, 1990 A)

Give a sketch of wheat stone's bridge.
(CHSE, 1993 S)

The emf of acell is 12V. In a closed circuit
having resistance of 2302, it sends a current
of 0.5A. What is the internal resistance of
the cell 7 (CHSE, 1994 A)

If three cells of emf 6,9 and 9 volt are

connected in parallel, find the output emf.
(CHSE, 1994 S) ; as

18.

19.
20.

21.

22,

23,

24.

25.

26.

27.
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What happens when the two terminals of
a cell are connected by a resistance of
almost zero value ?

What is meant by short circuit current ?

Mention the factors on which the internal
resistance of cell, depends.

Show that the first rule of Kirchhoff leads
to the principle of charge conservation.

In a wheat stone's bridge the positions of
the battery and the galvanometer are

]

-

:

et
R =58

interchanged. Does it affect the balancing

condition of the bridge ? Explain.

Compare and contrast the formulae for the
equivalent values of resistance and
capacitance when a group of resistors or
capacitors are connected in series.

Mention the circumstances under which

cells are connected in series.

Mention the circumstances under which
cells are connected in parallel.

20 02

MNWN—"q

goVv 201

State the condition under which the
terminal p.d across battery and its emf are
equal.’ [CBSE Al 2004]

A car battery is of 12 volt. 8 simple cells

‘connected in series can give 12 volt; but
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such cells are not used in staring a car;
why ? [CBSE Sample Paper]

gV 2411

Long Answer Type :

Explain the meaning of electromotive
force and mention its importance in an
electrical circuit. Give a brief outline of a

9.
C lz £2 o
A [TVWA——
ra 8
Ele— AN —
h ry IF1
i Jl|=||0'-‘v
__MW'
R

chemical source of emf.

Give a brief account of an electrochemical
cell. Distinguish between a primary cell
and a secondary cell. Mention the factors
on which the internal resistance of a cell

depends.

Give a brief outline of a storage cell.
Explain the charging process of such a
cell. Mention its advantages and
disadvantages.

Deduce expressions for the equivalent
resistance when a number of resistors are
combined (a) in series, (b) in parallel.

Deduce an expression for the current
supplied by a mixed grouping of cells to
an external resistance R. Hence obtain the
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condition for maximum current delivered
by the combination.

State and explain Kirchhoff's laws for an
electrical network. Apply them to obtain
the condition of balance of a wheatstone's
bridge. (CHSE, 1995 §)

State and explain Kirchhoff's laws for an
electrical network. Apply them to obtain
expressions for the equivalent resistance
when a number of resistors are connected
(a) in series, (b) in parallel.

Describe a wheatstone's bridge with a neat
circuit diagram and obtain its condition
of balance. Mention the importance of
such a bridge.

Numerical Exercises :

The emf of a cell is 12V. In a closed
circuit having a resistance of 10 €, it
sends a current of | A. Find the internal
resistance of a cell.

The potential difference between the
terminals of a battery of emf 6V and
internal resistance 1€2 drops to 5.8V
when connected to an external path of
resistance R. Find the value of R.

+ An ideal battery sends a current of SA in

a resistor, When another resistor of 10Q
is connected in parallel, the current is
increased to 6A. Find the resistance of the
first resistor.

A 10Q resistor and a 200 resistor are
connected in parallel. The combination is
connected to a 5.5V cell in one side and
a 300 rheostat in another side. The
sliding contact of the rheostat is connected
to the other terminal of the battery through
an ammeter. Find the maximum and
minimum value of current in the circuit.
Neglect the internal resistance of the cell.
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Twelve resistors each of resistance r are
joined to form a cube as shown in the
figure given below. Find the equivalent
resistance between the diagonally
opposite points a and f.

I C
L a L r
e T d
5
r r
e gl } o
.flf : I N
h r 4

Show how four 8 ohm resistors can be
connected to provided equivalent

resistances of 2Q , 8Q, 10.67Q2, 20Q,
and 32 Q.

Find the arrangement of 64 identical cells

each of internal resistance 1€ to give a
maximum current through an external

resistor of resistance 4C2.

Glvea hereisacireuitinwhich € =21V,
£, = 1.9V, R, =R, = 10Q and R, =
450, Calculate the currents in R,andR,.

Neglect the internal resistances of the
batteries.

In the circuit given below €, =g, =2V,
r,=1Q,r,=2Q and I = 1A.FindR, I,
and I, in the circuit. -

1 T

£
%"t

> I
, b Lez
e
] rz

11.

12,

13.

14.
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Two identical cells each of emf 1.5V are
joined in parallel. The combination is
connected to two 17€2 resistors arranged
in parallel. A high resistance voltmeter
reads the terminal voltage of the
combination of cells to be 1.4V. Calculate
the internal resistance of each cell.

Find the equivalent resistance between the
points A and B of the network of
conductors given below.

A 200 100
———
100
B
1062 202

Find the equivalent resistance of the
network given below between the points
aand b.

R i
a 5
£100 b
3R R

Find the effective resistance between the
points P and Q in the figure given below.

20
Y 20
40 =
0
P

Prove that the resistance of the infinite
network shown below is equal to

(1+~J§)R if each resistance in the
network is R.

KRR R R _R

b3 s \
« 3R 3R IR IR IR

R R R R R

LY
-
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16.

17.

18.

19.

20.

F.

The reading of a high resistance voltmeter,
when a cell is connected across it, 18 2.2
V. When the terminals of the cell are also
connected to a resistance of 5§ , the
voltmeter reading drops to 1.8 V. Find
the internal resistance of the cell.

[CBSE AI 2010]
A battery of emf E and internal resistance
rgives acurrent of 0.5 A with an external
resistance of |20 and acurrent of 0.25 A
with an external resistance of 250 .
Calculate (i)internal resistance of the cell
and (ii) emf of the cell.  [CBSE 2002]
Use kirchhoff's laws to determine the
value of current I in the electrical circuit
given below. [CBSE Al 2007)
Find the unknown resistance X, in the
following circuit, if no current flows
through the section AD. Also calculate
the current drawn by the circuit from the

battery of emf 6 V and negligible internal
resistance. [CBSE 2002]

Twocells of emf ¢, and ¢, have internal
resistance r, and r,. Deduce an expression
for equwalcm emf of their parallel
combination. [CBSE Al 2008 C]
Twelve cells, each of emf 1.5 V and
internal resistance (,5Q) , are arranged in
m rows each containing n cells connected
in series. Calculate the values of n and m
for which this combination would send
the maximum current through external
resistance of |.50Q2 .

[CBSE Sample Paper]
True - False - Type Questions
Kirchoff's 1st law is based on the principle
of conservation of charge.
Kirchoff's 2nd law is based on the
principle of conservation of energy.

Three resistors cach of 1  are connected
in parallel. The effective resistance is 3Q2.
When 25 watt and 100 watt bulbs are

=
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connected in series 25 watt bulb glows
brighter.

2 2 2 2

R,=v Fd R,=—\—’——V—=>R,>R,
B 25 ° B, 100

PR, >R,

An ordinary battery functions due to
chemical reaction withinit.C

Fill - in - Blank Type Questions
Three resistances 20, 3Q and 60 are

connected in parallel. The effective
TESISTATICE 1S vevrenerrevennns

A 50V battery is connected acrossa 10Q
resistor. The current obtained s 4.5A. The
internal resistance of the battery is ..........

A wire of resistance 12.Q is bent to form
acircle. The effective resistance between
the ends of any of its diameteris ...........
A primary cell has an emf of 4V. When
short circuited it gives a current of 4A. Its
internal resistance is ........... =

In abattery .......... energy is converted to
electrical energy.

Correct the following sentences :
Kirchhoff's I** law is based on the
principle of conservation of energy.

When three resistors each of 3 ohm, are
connected in parallel, the effective
resistance is 9 ohm.

In a battery heat energy is convened to
electrical energy.

When a current flows through a
conductor, the conductor gets charged.
In a thermo couple chemical energy is
converted into electrical energy.

In aphotocell heat energy is converted to
electrical energy.

The largest resistance that one can obtain
with five 0.1 ohm resistors is.0.5 ohm.
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ANSWERS )

A.

.
o2

r:‘ |

Multiple Choice Type Questions :

1. d) -2 (b) 3. b 4 @ 5 @® 6. (c) 7. (@ 8
9. (© 10. (o) 11. (a) 12. (b) 13. (a) 14. (a) 15. (b) 16.(c)
17. (d) 18. (b) 19. (b) 20. (a)

Numerical Problems :

1. 2ohm

2. 29ohm

3. 2ohm

4. 1 =0B825A,1_ =0.15A.

max min
5 o
. 6 T

6. (i) For 2Q, All the four connected in parallel. i.e. -%
(ii) For 8, Any one pair in parallel, the two pairs in series i.e. M
(iii) For 10.67€2, Any three in parallel, with the fourth in series, i.e. ‘%—.‘V&"—

_(iv) For 20Q, Any two in paralle] and the rest in series with it.

(v) Allthe four in series.

7.  Cells to be combined in 4 rows in parallel with 16 cells in series in each row.

8. Currentl,inR,=0.199 A, current I, in R, = 0.002 A.
9. R=0.67ohm,I,=0.5A, 1, = 1.5A.
10. r=120hm.
*11. 14 ohm.
12 4R
13. 2ohm. :
14. Hint-Itisan mﬁmte combination. Let the tutal res:stancc be S. The net work may be

.....

18,1

drawn as -

’;:i::n :fa.‘:; RS
R4S Then 2R+~—+§—S Find S.

1Q, 16.1 Q, 65v; 17. 1.2 A, 18. m. 1A, 19. €=(gr +€,0 )1, +15)

" 20, m-2 n=6" e
(l) Trlfc (2) True (3) f‘nlse (4} True (5) True.

""""

(i)m (2)1 1, ga)m (4)49 (s)chcm:ca':



Thermal And Chemical Effects of

Electric Current

In the preceding chapters we have learnt
about electric current, the sources which provide
it and the circuits or paths in which it is
maintained. Electrical energy is supplied
through this circuit to different devices where
energy conversion from electrical to other forms
takes place and work is done. This is exhibited
as different effects of electric current such as
mechanical, thermal, optical, chemical and
magnetic etc. The common devices where such
effects are observed include electric fan, electric
heater, electric bulb, electric bell, electrolytic
cell, electromagnet etc. to name a few. In the
present chapter let us discuss about thermal and
chemical effects of curent mainly, pending
discussion on other effects to subsequent
chapters. We begin with a discussion on electric
energy and power.

7.1 Electric energy and power

When a charge g moves through a
potential difference V between two points in
an electric field work W is done. Let us consider
the simple circuit of Fig. 7.1. Here work W is

through the resister R. Since V, > Vy, the

charge Aq flowing in ti me Atloses energy to
R. From the definition of potential difference V

- (=V, -V,), work AW done by the charge is

written as
AW =VAq w(71:1.1)

If I is the instantaneous current in the circuit

Aq = IAt
and AW = VIAt (7.1.2)
When At— 0, €q. 7.1.2.is writtenas
dW=VIdt A113)

Hence total work W done by the charges in time
't is expressed as

R COr S
W= [dw=[Vidt. 94
o O

" In the case of a steady current W, is given by
done by a charge when it moves fromAtoB.

W W=VIt _:.,(1.1.5)

This W appears as heat or mechanical-energy
or lightetc depending on the deyice through
which the current is maintained. It represents

* transformation of electric energy to othet forms

in a circuit and is transferred to the electrical
device connected to it.
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When VA < VB, work is done on the

mobile charges which gain energy. Here electric
energy is transferred from the circuit elements
to the circuit in which these are connected. This
happens in the case of charging of a cell.

All electrical devices connected in a
circuit have some resistance R. If V is the
potential difference between its ends and I, the
current through it, then according Ohm's law V
=]R and eq. 7.1.5 yields

W=VIt=IR.It=IFRt ..(7.1.6)
It can also be written as
vV Vi [
W=V.—t=— (717
R R ( )

Example 7.1.1
connected to a 220V line for half an hour. How

much energy is drawn from the line ?

Vv _220V
500

- W= IRt = (4.4 amp)? x 50 ohm x 30 x 60
sec

Here 1= =44 am

= 1.74 x 10° Joules
Electric Power
The time rate of spending electric energy

is called electric power P. The instantaneous

power in a circuit is expressed mathematically
as

P=—=VI (7.1.8
a (7.1.8)
(fromeq.7.1.3)
It can also be writtenas P=1’R  ..(7.1.9)
2 J 4
and p= % (7.1.10)

When electric work is done over an interval of
time t and current I is not steady, the average
power during the interval is given by

: A 50Q electric lamp is .
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= o 4 1
B (7.1.11)

W
1 t

where W is the total work done during time t.

In the case of steady current the average power

is equal to the instantaneous power spent by the
source of emf.

Units and dimension of power

The S.I. unit of power is watt which is
abbreviated as W. From eq. 2.3.7

1 watt = 1 volt x 1 amp.

=1voltxl coul

sec

= I. juul coul
coul * sec

= 1 Joule / Sec
ie. 1W =11J/8

Since watt is a small unit of power, its higher
multiples like kilowatt (KW), Megawatt (MW),
Horse power (HP) etc. are used as its practical
units.

I1KW=1000W=10'W
1 MW = 1000000 W = 10° W
| HP = 746 W '

1 HP is actually the practical unit of power in
British thermal units and often used for
commercial purposes.
Kilo Wart Hour (KWH)

When any electrical device designed to
draw 1 KW of power is operated continuously

for 1 hour, the electrical energy consumed is
called 1 kilowatt Hour or | KWH.

1KWH=1KWx 1H
=10 W x 3600 S
=3.6x 10° WS
=36x 10°J
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1 KWH is also called one B. O. T. (Board of
Trade) unit. It is used as | unit of electrical
energy consumed in households, factories and

institutions and the cost of electricity is charged
according to the number of such units consumed
per month. The meters fixed in our houses
directly read the number of units consumed so
that :

The cost = No. of units x Cost per unit

Example 7.1.2 : Calculate the cost of electric
energy if a person uses an electric lamp drawing
power from a 250V mains which supplies
energy at 1 A for the month of April, the lamp
being lighted for 8 hours every day. The cost of
electricity is Rs.2/- per unit.

Amount of energy consumed
= VIt

hours
=250V x IAx8x

day x 30 days

=250 W x 8 x 30 hours

= 60000 watt hours

= 60 KWH = 60 units.
.. cost = Rs. 2.00 x 60 = Rs. 120/-
Maximum Power Theorem

Fig. 7.2

Fig 7.2 shows a simple electric circuit where R
and r are the external load resistance and the
effective internal resistance of the battery
respectively. On closing the key K, current I is
maintained in the circuit. It is given by

£

I=
R+r
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Where € represents the effective emf of the
battery.

The Power dissipated in the load resistor
2

is gi =I'R=
R is given by P (R+1)2 el e X A2
We may writeeq. 7.1.12 as
e &
(i+L)2
JR VR
(JE—_L)ZMJE. f
JR JR
z
e & w9403

(Jﬁ—j%)z +4r

In 7.1.13 Power P is maximum if the
denominator in the R.H.S. is minimum and it
happens when

Thus itis seen that a circuit consumes maximum
power when its external resistor has a resistance
same as the effective internal resistance of the
cell. The expression for maximum power then
becomes

.7.1.14
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7.2 Heating effect of electric current

When a conductor is connected to the
source of emf in a circuit, an electri¢ field is
established within the conductor. The charge
carriers which are free electrons incase of a
metallic conductor, get accelerated in the field
and gain kinetic energy. But it is lost very soon
because of their collisions with the lattice ions
and impurities of the conductor. They suffer a
number of such collisions before attaining drift
velocity and in every collision some energy is
lost within the conductor so that its internal
energy increases gradually. It appears in the
form of heat which is called Joule heat.

Let us consider the circuit given in Fig.
7.2.Itis assumed that there is negligible energy
loss in the connecting wires of the circuit and
the source provides a steady emf so that when
the key is closed a steady current I is established
in the circuit. It is because of the motion of free
electrons within the conductor from B to A and
also within the connecting wires. Itis equivalent
to the motion of positive charge carriers in the
sense from A to B.

Let us take the terminal potential
difference (TPD) of the source to be V which
is the potential difference between the ends of
the resistor R. Considering the motion of a small
charge dq in infinitesimal time dt along AB, the
work done by it against R is given by

dW =V dg= VI dt wl(1:2+4)
(o dq = 1Idt)

. Total work done by the charge carriers within
time tis given by

w
W= [aw= } NN, Y
(4] 8]
** V=IR, we may write
W =1IR. It = IRt (7.2.3)
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This work done by the charge carriers
appears as heat in the resistor. Considering the
equivalence of work and heat we may write

WaQ

or W =1JQ «(71.24)

where J is a constant known as the mechanical
equivalent of heat.

When Q is measured in joules J=1 so that

Q =W = ’Rt joules of heat.

When Q is measured in calories J =4.19
joule per calorie so that

W R
Q= — = %1-1— calories

T w(1.2.5)

It follows from 7.2.5 that

(i) the heat produced in a given resistor in a
given time is directly proportional to the
square of current in it.

i.e. QaI® (whenR andt areconstants)

(ii) the heat produced in a resistor by a given
current in a given time is directly
proportional to the resistance for which
the current exists in it.

i.e. QaR (whentand]I are constants)

(iti) the heat produced in a given resistor by a
given current is directly proportional to
the time for which current is passed in the
resistor.

i.e. Q o t(when I and R are constants)

The heating effect of electric current was
studied experimentally by James Pres cott
Joule and the laws stated above were given by
him basing on his experimental results. Later
these could be deduced theoretically. Hence
these laws are known as Joule's laws of
heating.
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Experimental verification of Joule's laws of
heating

The experimental arrangement is shown
in Fig, 7.3. The apparatus consists of a copper
calorimeter C insulated from the surroundings
by box B. A heating coil of resistance R is
connected at its two ends with a circuit
consisting of a battery &, key K, arheostat Rh
. and an ammeter A, all in series. A voltmeter V
is connected at the two ends of the coil in parallel
with it. The calorimeter is covered by a lid L
made of insulating material. Provisions are made
to insert a thermometer T and a stirrer S into the
contents of the calorimeter through its lid. About
three fourth of the copper calorimeter is filled
with water and its initial temperature is recorded.
By adjusting the rheostat, a given current I is
passed for a given time t. The réadings of the
ammeter and the voltmeter, and the final
temperature of water and calorimeter are
recorded at the end. Care is taken to see that
current value remains constant during any given
interval.

Fig. 7.3 Arrangement for verification of

Joule's heating law
The heat produced by the coil is given by
VIt IRt |
S—— d.2:6
Q ] T 7

where V, I and t stand for the voltmeter reading
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in volt, the ammeter reading in ampere and time
in sec respectively. J stands for mechanical
equivalent of heat in joules per calorie and R
for the resistance of the heating coil.

- The heat Q gained by the calorimeter and
its contents during time t is also given by
Q=(ms+m )0, -0,) LT,
Here m stands for mass of the calorimeter and i
stirrer and s for the specific heat of its material.
6, and 0, stand for the initial and the final

temperatures respectively recorded by the
thermometer. m_ is the mass of water taken
inside the calorimeter.

(a) Verification of 1st law (the law ofcurrent)

If two different currents are passed
through the contents of the calorimeter for the
same time interval in the same coil

- =

Q - 3 " from..7.2.6
Q 1 4

R

If 9,, 8, and 05, 0, are the initial and

final temperature pairs for the currents I and I,
respectively maintained for the same time, then

Q1 -BI

= ——" from ...7.2.7
Q, 6,-0,
If 1st law is correct one gets
E _9,-8,
I3 0,-0;

(b) Verification of second law (the law of
resistance)

The same current is passed for the same
interval through the contents of the calorimeter
separately by connecting two coils of resistances
R, and R, which are measured from the
ammeter and voltmeter readings. As before if

0,, 6, and 0,, 0, are the initial and final

temperature pairs for the two separately, then
one would get
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R .Ba 9

Rz —04"91

Using the experimental values if this relation is
verified, then the second law is correct,

(¢) Verification of third law (the law of
time)

The same current is passed through the
same coil for two differént intervals t and t,.
Let 0, be the temperature at the beginning, 0,.
the temperature at the end of Ist interval and
05, 6, be the corresponding temperatures at the
end of second interval. Then one gets from the
relations 7.2.6 and 7.2.7 that

i 9:—9.

e-l _03

— |

Putting the experimental values of t,t,,

0,,0, and 0, if the above relation is found to
be correct, the third law is verified.

7.3 Heating effect in different Conductors
Let us recall the power eq. 7.l.lq i.e.

y ]

V- {

P=—_Since R= = (the symbols having
R A

their useal meanings) one gets

~ VA
pl

a1

P

This shows that for a given poteritial difference
across R, the power dissipated in the resistor
depends on

(1) the area of cross section A of the
resistor
ie. PaA (p,( beingkeptconstant)
(2) the resistivity of the material of the
resistor

e. Pa !-(A and ( being constant)
P
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(3) the length of the resistor
ie. Pa %(A and p being constant)

For high rate of heat production, the
conducting wire should have larger area of cross
section, smaller length and lower resistivity.
Moreover it should have high melting point to
withstand high temperature. Wires made of
materials like Nichrome or Molybdenum satisfy
such conditions and hence are used in electric
furnaces.

Such heating effect of electric current in
conductors is used in making many house hold
electrical appliances, like electric bulb, electric
iron, electric stove, soldering iron, water heater,
room heater and fuse etc.

Electric fuse

It is a device for protecting costly electric
appliances from damage because of heating
effect due to excess current. It is usually made
of a conducting wire of copper or tin or lead or
an alloy of lead and tin (75%, 25%). It is
connected in series with the apparatus to be
protected so that it acts as a cutout because it
melts when strongly heated. Fuses are designed
for maximum safe working current or the fusing
current. When the current is more than the rated
value it melts and the circuit is broken before
the apparatus is damaged.

Some worked out examples
Ex. 7.1 Calculate the highest voltage one can
safely put across a 982, 0.5 W resistor ?
Soln.

Given, R =98Q and P =0.5W

e X
R
« V1= PR
= 0.5 W x 98 ohm
= 49 (volt)’
V. = 7 volt.
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Ex. 7.2 A dry cell of emf 1.5 V and internal
resistance 0.1Q is connected of across a resistor
in series with an ammeter of very low resistance.
When switched on, the ammeter reading settles
to a steady value of 2A. Calculate (a) the rate of
chemical energy extracted from the cell, (b) the
rate of energy dissipation inside the cell (¢) the
rate of dissipation of energy in the resistor and
(d) the power output.

Soln, _
Giventhat ¢=15V

r=0I1Q
"1=2A
(a) rate of chemical energy extracted

from the source = g = 1.5 Vx
2A=3W.

(b) rate of energy dissipation inside the
cell=Fr=4A"x0.1 Q =04W.

(c) rate of dissipation of energy in the
resistor=g] -I'r=3W-04W=
2.6W.

(d) The power output = rate of
dissipation of energy in R =2.6W.

Ex.7.3 Ifacharge of 20 coulomb flows across
a potential difference of 220 V maintained
between the ends of a resistor how much work
is done ? How much heat is generated 7

Soln.
Given q=20C

V=220V

W=Vq=220V x 20 C =4400 J.

Q=W _ _400J
T T 419 JiCal.

Ex. 7.4 A bulb rated as 100 W, 220 V is
connected across 110 V line during low voltage.
Calculate the power consumed by the bulb.

Soln.
The actual resistance of the bulb

= 1050 Cal.
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R oY _@v)
TP 100W
220x220 ) o0
= 100 = onm

‘When connected across 100 V line

V2 110110 Volt?
R 484 ohm

=25W.

Ex. 7.5 An electric motor operating at a 50 V
d.c. supply draws a current of 12 A. If the
efficiency of the motor is 30%, calculate the
resistance of its windings.

PP =

Soln.
Given V=50V
I=12A
n=30%

Input power=VI=50 Vx I12A=600 W=P,

_out put power 30
input power 100

3
= Out put power = Exlnput power

= i><6II]W= 1I80OW=P
10 0
. Loss of power =600 W - 180 W =420 W.

= the power dissipated in the
resistor

“* Power dissipated = I’ R

Power dissipated 420 W

R = . = -
' 1" 12x12 A~

=2.92 Q

Ex.7.6 A battery of emf 6.24 V has an internal
resistance of 0.105 ohm. The battery is to be
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charged for one day with a current of 5.18 A
from a source that maintains a potential
difference of 12.65 volts. Calculate

a.  the heat de‘veloped in the rheostat
that must be included in the circuit,

b.  theenergy supplied by the source,

c.  theenergy converted into chemical
energy.

Soln.

- The circuit diagram of the arrangement is
given below.

A —

£, 1 g
—(K).._l H |.| }_J.\HM—AMR
The battery of emf € is the charging battery

and the battery of emf €, isto be charged. R is
the resistance of the rheostat. r is the internal

resistance of €, .

Given that Charging current I, =5.18 A
Terminal potential diff. of €= 12.65 Volt

Here we have V=g +Ir+IR
(As the battery is being charged)
(V-¢)
I
_ (1265-624)V
T 518A

-r=R

-0.105Q = 1.133Q
’ I’Rt
(a) . Heatdeveloped in the rheostat= -y

_ (518A)% x 1133Q x 24 x 3600S
- 42 J/cal

=6254x10°cal.

(b) Energy supplied by the source = VIt
=12.65V x5.18 Ax24x3600S
=5.66x 10°].
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(c) Energy converted into chemical energy
of g,

=g =624 Vx5.18Ax24x36008S
=2.79x 10°J.

7.4 Chemical effect of electric current,
Electrolysis

Several liquids like solutions of inorganic
salts in water, dilute acids and bases are found
to be good conductors of electricity, Chemical
reaction takes place when electric current is
maintained through such liquids which are
known as electrolytes. A vessel with the
electrolyte is called an electrolytic cell or
voltameter. The mechanism of electric
conduction in electrolytes is quite different from
that in metals. Such conductivity of the medium
is due to the motion of both positive and negative
ions into which the compound breaks up. The
separation of positive and negative ions in the
chemical reaction brought about by electric
current through the conducting solution is
called electrolysis.

Two conducting plates through which the
current enters and leaves the electrolyte are
called the electrodes. These are placed within
ihe electrolytic cell and are externally connected
to the electric circuit. Such a circuit containing
a voltameter is shown in Fig. 7.4. It is a Copper
voltameter as the electrolysis of copper sulphate
(CuSO,) solution is carried out in it. Some such
other voltameters are Silver voltameter, Water
voltameter etc.

Copper voltameter

CuSo, Soln.
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The electrode of the voltanmieter connected to
the positive terminal of the source of emf is
called anode and that connected to the negative
terminal is called cathode. Electric current enters
the solution through the anode and leaves it
through cathode.

With passage of electricity through the
electrolyte, it breaks up into positive and
negative ions which move respectively towards
cathode and anode. Hence the +ve ions are
called cataions and the -ve ions the anions.
When these ions come to their respective
electrodes the following processes may occur.

(i)  Some of the ions may be discharged

and the electrons are transferred
between ions and electrodes.

(i) ~ Freshions may be formed from the

material of the electrode and go into
solution.

For example in a copper voltameter connected
in the circuit given in Fig. 7.4, the Copper
Sulphate solution undergoes dissociation into
Cu** ions and SO, ions. When the circuit is
switched on, the Cu™* jons move to the cathode
which is a copper plate. There each copper ion
receives twoelectrons from the cathode and gets
deposited on it as a copper atom.

Cu** +2¢" - Cu
The SO~ (Sulphate) ions move to the hnode
which is also a plate of copper. Here each
SO, ion reacts with one copper atom of the
plate and forms a CuSO, molecule which is

liberated into the electrolyte. In the process twe
electrons are made available to move in the

circuit. Cu + SO ;= CuSO, +2¢™,

Thus copper from the anode gets
dissolved whereas copper at the cathode gets

deposited on the cathode plate. This results.in

(1) no change in the concentraition of the solution,
(ii) loss of weight of the anode plate and (iii)
gain in weight of the cathode plate. This process

2m

is utilized in purifying copper; where the anode
is made up of a block of impure copper and the
cathode, a thin sheet of pure copper.

In some Copper voltameters platinum
¢electrodes are used instead of copper electrodes.
When electrolysis is carried out, copper from
CuSO, solution is deposited at the cathode
whereas oxygen 1s liberated at the anode. In
such a voltameter the strength of copper sulphate
solution gradually decreases as more and more
electrolysis 1s carried out.

7.5 Faraday's laws of electrolysis

The first quantitative study of electrolysis
was made by Michale Faraday who formulated
two laws basing on his experimental results.
These are known as Faraday's laws of
electrolysis.

First Law

The mass of any substance liberated at an
electrode during electrolysis is proportional to
the quantity of charge that passes through the
electrolyte during the period.

Mathematically m « q

ie m=Zq, -(7.5.1)

Here m is the mass of the substance liberated
and q is the quantity of charge that flows in time
t. If the steady current maintained in the circuit
is I, then g = It, so that from eq. 7.5.1.

m=2ZIt .(1.5:2)

In 7.5.1 and 7.5.2 Z is the constant of
proportionality which depends on the nature of
the substance that is liberated. It is called the
"Electro Chemical Equivalent” (E.C.E.) oi'the
substance. Clearly

-(7.5.3)

Thus E.C.E. of a substance is defined as the
mass of the substance liberated during
electrolysis per unit quantity of charge i.e. due
to unit current maintained per unit time. Clearly
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the unit of E.C.E. i.e. Z = kg/coul in S.I. system. Its dimension is givenas M' A T, The values
of E.C.E. of some substances along with some other useful data are given in table 7.1.

TABLE 7.1
Electro chemical data of some elements
Elements Atomic Valence Chemical Electro Chemical
massm v Equivalent (c) Equivalent (Z)
(kg/coul)
Aluminium (Al) 27.1 3 9.033 9.36 x 10
Copper (Cu) 63.6 2 31.8 3294 x 10
Gold (Au) 197.2 3 65.733 . 68.12 x 10®
Hydrogen (H) 1.008 I 1.008 68.12 x 10
Iron (Fe) 55.8 3 18.6 19.29 x 10°*
Iron (Fe) 55.8 2 27.9 28.94 x 10
Lead (Pb) 207.2 2 103.6. 107.36 x 10°*
Nickel (Ni) 58.68 2 29.34 3041 x 10*
Oxygen (O) 16.00 2 8 829 x 10°®
Silver (Ag) 107.88 1 107.88 111.8x 10%
Zinc (Z) 63.38 2 31.69 33.87 x 10°*
Second Law

When the same quantity of charge is
passed through different electrolytes, the mass
of different substances liberated at the respective
electrodes is directly proportional to chemical
equivalents.

Mathematically m o ¢

where ¢ stands for the chemical equivalent of
the substance and is given by the ratio of its
atomic weight and valency. If m, and m, are
the masses of two substances liberated during
electrolysis by the same quantity of charge and
¢, and ¢, are their chemical equivalents
respectively, then from the second law’

A «(7.54)

For example if the same current is passed for
the sametime through solutions of CuSO,,
AgNO, and acidulated water, then for every
one gram of hydrogen liberated during
electrolysis, 108 gm of silver and 31.8 gm of
Copper will be liberated at their respective
electrodes.

Combiggtion of the two laws, Faraday
Constant

Ifm, and m, are masses of two substances
liberated during electrolysis by the passage of
the same quantity of charge q, then from eq.
Tl

-
m,

M 2
Mz, C.(155)



Thermal And Chemical Effects of Electric Current

Here Z, and Z, stand for the E.C.E.'s of
substances | and 2 respectively. Combining this
equation with egn. 7.5.4, we may write

m_Z g

m, Z, ¢, +(7.5.6)
o Sl e

Zl Zg Z-; clc

It thus implies that -% for any substance is a

constant

ie. —=F A1.5.7)

where F is called the Faraday Constant. Since
it is true for any substance it may be regarded
as a Universal Constant like the Universal gas
constant or Universal gravitational constant.
This can immediately be verified using table 7.1.

The calculated value of F = % comes to be

around

9.6539 x 107 coul/kg for Copper

9.6494 x 107 coul/ kg for Silver

9.6 x 10" coul/kg for Hydrogen
and 9.65 x 107 coul/kg for Oxygen etc.

Experimentally the value of F has been found
to be 9.64867 x 107 coul/ kg which very nearly
tallies with the different calculated values.

The universally accepted value of F =9.65 x
107 coul per kg equivalent.

* It means that a charge of 9.65 x 107 coul. will
liberate or dissolve 1.008 kg of hydrogen,
107.88 kg of silver or 31.8 kg of copper elc.

Since the kg equivalent of any substance
is equal to 1 kilomole or 10* mole of the
substance, the Faraday constant is defined as
the amount of charge capable of liberating or
dissolving | kilomole of monovalent substance
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during electrolysis. It thus comes to be 96500
coul. per mole and is taken as one bigger unit
of the quantity of charge i.e. Faraday. Since
one mole contains Avagadro's number of atoms
or molecules or ions as the case may be, we

may write
F=N,e -(7.5.8)

where N, is the Avagadro's number and e is
the clectronic charge. Therefore one Faraday
of charge is calculated as

1 Faraday = 6.023 x 10 electrons x e

6.023 x10* electron x
1.602 x 10" coul/ electron

~ 9.65 x 10* coul.
= 96500 coul.

From eq. 7.5.8 it follows that for monovalent
ions charge carried by 1 mole of ions = 1 F coul;
for divalent ions charge carried by | mole of
ions = 2F coul and so on. It confirms the
atomicity in electricity. '

7.6 Some applications of electrolysis

(a) Electroplating

It is the process of depositing one layer of
a metal like nickel, chromium, silver or gold
over another material by electrolysis. The
material to be electroplated must be conducting
and is used as cathode and the metal to be
deposited is used as anode. A solution of the
salt of the metal to be deposited is used as the
electrolyte.

For example in electroplating silveron a
copper spoon, a silver rod is used as anode, a
copper spoon is used as the cathode and the
silver nitrate solution is taken as the electrolyte.

Using similar process zinc is deposited on
iron sheets to prevent it from oxidation.

(b) Purification of metals

Metals such as copper, gold, silver elc.
are purified by the process of electrolysis. Here
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the impure metal is made the anode and pure
metal is made the cathode. The solution of a
given salt of the metal is taken as the electrolyte
and electrolysis is done.

(¢) Decomposition of chemical compounds

A chemical compound which can conduct
electricity is decomposed into its constituent
elements by electrolysis.

(d) Extraction of metals

Some metals like aluminium silver, gold

etc. are extracted from their ores by the process
of electrolysis.

(e) Callibration of an ammeter

Since a given quantity of charge can

deposit a fixed quantity of a substance in the -

process of electrolysis, the current in a circuit
used for electrolysis can be measured by
measuring the mass of substance deposited, the
E.C.E. of the substance and the time of
electrolysis. The calculated value of current is
compared with the reading of the ammeter
connected in the circuit and thus it is callibrated.

Some worked out examples

Ex. 7.7 Calculate the quantity of hydrogen
liberated each day in an acidulated water
voltameter in which a constant current of 30 A
is maintained. (Z of hydrogen = 1.05 x10™* kg/
coul)

Soln.
Given I=30 A
{ = 24 x 3600 Sec.
m = ZIt = 1.05 x10°® kg/coul x 30A x 24
x 36 x107 S
=0.027216 kg
= 272 gram.

Ex. 7.8 A current of 2A is maintained in two
coulombmeters is series. One is of silver and
the other is an unknown metal of atomic mass
55. In 2 hrs. 2.73 gm of the unknown metal is
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deposited at its electrode. Calculate the amount
of silver deposited and the valency of the

unknown metal (Z, = 111.8 x 10" kg/coul)
Soln.

I=2A

t=2x3600S=72008

mass of unknown metal =m=2.73 gm _
For the unknown metal m = ZIt

m_ 273gm

— Z_—.—.__-—-—
It 2Ax72008

=189583x 10 kg/c

Mass of silver del?osited =m,=Z,, It

=0.16099 kg
=16.1 gm
et
Cag  Zng
Z _ 1.89583x 10 kge  107.88

Ce———R O = x
Z,, ¥ 1118x10"kge |

S c=182936=""A
v

wherem, = atomic mass
- v = valency of unknown metal

My . 55
c 182936
Ex. 7.9 A copper voltameter is connected in

series with a coil of resistance 100£2. A steady
current is passed through the circuit for 10
minutes and it deposits 0.1 gm of copper.
Calculate the heat generated in the coil. E.C.E.

of copper = 32.94 x10°* kg/coul.

Soln. .

3.007=3

t= 10 min=600 S
m_ = 0.1 gm. =0.0001 kg

Given
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Z =32.94 x 10 kg/coul

cu

2 mm = ZCI..IIt ’

o L 0.0001 kg coul
: Z., U 3294 x 10%kg x600S

_10%x10°
3294 x6x10°

=0.506 A ‘
Heat developed in the coil = I” Rt Joule

= (0.506)° A’ x 100Q x 600 S
= 15362 J.

Ex. 7.10 A Silver and a Copper voltameter are
connected in parallel across a 6V battery of
negligible internal resistance. In half an hour Ig
of Copper and 2g of silver are deposited.
Calculate the rate at which energy is supplied
by the battery. Given Z_, =3294 x 10”7 g/c and

- -6
ZAE- 1118 x 10° g/e.
Soln.

As the two voltameters are connected in
parallel, the current in each is separate. The
block circuit diagram is

——(SV)—
4 I,
£=6V
Ty 1] |
If I, and I, are the currents in Cu and Ag
voltameters respectively, then

an=ZC" It
mAg=ZAg }21

Here t=30 min= lSOOS.mCu=lg,mAg=2g
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mu lg C
limerts ~ =1.687 -
al ' 3294x107 € x1800s s
. C
=1.687 A
m 2
L=—"t= £ =0.9938 A
Zagt  1118x107 £ x1800s
C

~1=1,+1, =2681A

. Rate at which energy is supplied by the
battery=P=g [ =6V x 2.681 A = 16.086 W.

Ex. 7.11 In a copper plating experiment
difference between final and initial mass of
copper cathode is found to be 8.42 g. The
ammeter connected is the circuit gives a steady
reading of 12.3 A for 35 minutes for which
electrolysis is carried out. Calculate the error in
the ammeter reading, if any, given thdt F=96485
¢/mol, atomic mass of Cu=63.54.

Soln. ;

Given m=842¢g
t =35x60s=2100s.

*- Atomic mass of Cu = 63.54 and taking ils
valency to be 2, the chemical equivalent of

Cu=c:‘_'Ll = %4; — <) |

From the definition of Faraday constant F
 31.77 g of Cu can be liberated by 96485

coul of charges
. 8.42 g of Cu can be liberated by
96485coul , 8 42g = 2557141 coul =q
31.77g
The current capable of liberating it = %
25571.41 coul
== ]218 A
5100 S (True current)
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Recorded current in the ammeter=12.3 A

.. Error is current reading = 123 A- 12.18 A
=0.12 A

Ex. 7.12 It is desired to deposit 0.05 Kg of
copper on its cathode in a voltameter. Calculate
i... time for which a steady current of 20A
should be maintained for the purpose if F =
96485 coul per mol and atomic mass of Cu =
63.54.

Soln.
Given m=005kg=50¢g
=20A
F = 96485 coul/mole

63.54
¢ of copper = ]-3— =3177
- 317
Z=F ~ 96485 coul/ mol
L. = N m m Fm
owm=ZIt,sothatt= —=——=——

_96485coul / molx50g
31.77g/ molx20coul / s

_ 96485x50
"~ 31.77x20

=7592468 ~ 7593 S =2.109 hr
=2hr6min 54 S
SUMMARY

1.  Electric energy is the potential energy
gained by a charge to move from one
point to another in an an electric field.

W=Vt =Rt = 2t
R

2. Electric power is the time rate of use of
electrical energy or electrical work done.

3.

10.

11
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W R
t : R
Electric energy and power are measured

in joule and watt respectively in S.L
system of unils. )

Kilowatt hour is the practical unit of
eleetrical energy in terms of which cost
of electricity used is calculated. | kilowatt

hour=3.6 x 10°J.

Power consumed in a circuit is maximum
when R=r.

Heat developed in a resistor is given by

Q=$cul

Joule's laws of heating
(i) Q a1® (R.tbeing const.)
(i) QaR (Itbeing cfmst.)
(i) Qat (I, R being const.)

If for a given potential difference across a
resistor power P is dissipated in it, then

P a A (Areaof cross section of the
resistor) (P and ( beingconst.)

Pa : (A'and { being const.)
p

1
Pa E (A and p being const.)
Electrolysis is the process of separating
the +ve and the -ve ions in the chemical
reaction brought about by electric current
maintained through a conducting solution.

+ve terminal of a voltameter is called the
anode and the -ve terminal the cathode.

lons liberated at the cathode are cations
which are +ve, Ions liberated at the anode
are anions which are -ve.
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12.

Faraday's laws of electrolysis

(0]

(i)

mass of ion liberated at an electrode
is proportional to the quantity of
charge passing through the
electrolyte. :

ma q
= m=2Zq=2It

For the same quantity of charge
passing through different
electrolytes, the masses of different
ions liberated are propoitional to
their respective chemical
equivalents.

mac

m; ¢

m, ¢,

13.

14.

15.

16.
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Electro chemical equivalent Z of a
substance is the mass of the substance
deposited per unit charge passing through
the electrolyte.

Chemical equivalent of a substance is the
ratio of its atomic mass to valency. i.e.
c=m, /v whenm, is atomic mass and
v is valency.

Ratio of ¢/Z for any substance is aconstant
and is called Faraday constant F.

F = 9.64867 x 107 coul/kg.

One Faraday is the quantity of charge that
liberates gram equivalent of a substance
during electrolysis.

IF = 96500 coul

IF=N,e where N, is Avagadro's
number and e is electronic charge.
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MODEL QUESTIONS

~

Ve

o)W

Multiple Choice Type Questions :

The unit conventionally used to measure
electric energy consumed by a consumer
is

b) lerg
d) 1 KWH

An electric iron_of 750 W power is
connected to a 220 V mains. The current

a) 1Joule

¢) 1calorie

drawn by the iron is nearly
a) 34A b) 3A
c) 0.3A d) 002A

Of the two bulbs used in a house one
glows more brightly than the other. Then
which of the following statements is true ?

a) The brighter bulb has less resistance.
b) The brighter bulb has more resistance

¢) The potential difference across the
dimmer bulb is less.

d) The potential difference across the
brighter bulb s less.

‘The power consumed by a simple circuit

having total resistance R is P. If the
resistance is reduced by half, the power
consumed will be

a) P2 b) P

¢) 2P d) 4P

Three equal resistors connected in series
with a source of emf to-gether dissipate
10 W of power. The power dissipated by
these resistors connected in parallel will
m .
a) I0W b) 30W

“od) 100W

A 100 W, 250 V bulb and a 200 W, 250
V bulb are connected in series and the

10.

combination is connected across a supply
voltage of 230 V. Then '

a) 100 W bulb glows dimmer.
b) 200 W bulb glows dimmer.

¢) the current through 100 W bulb is
more.

d) the current through 200 W bulb is
more.

Two heating wires of equal lengths are
first connected in series and then in
parallel. If the combinations are separately
connected across the same supply line for
the same time, the ratio of the heat
produced in the first case to that in the
second is

a) 14 . b)) 1:2
c) 2:1 d) 4:1 (CEE,1990)

Under appropriate conditions the
maximum power dissipated by an
external resistance R, when connected to
the cell of emf & and internal resistance
r,is

a) &*/r b) &/2r

¢) & /3r d) &*/ar

The water in an electric kettle begins to
boil 15 minutes after being switched on.
To make it boil in 10 minutes by
connecting to the same mains the length
of the kettle coil should be

a) 2/3 of the original length
b) 3/2 of the original length
¢) 4/9 of the original length
d) 9/4 of the original length

* A 40 W tube light is in parallel with a

room heater both connected to a stable
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1.

13.

14.

15.

main A.C. supply line. If the light is
switched off, the heater output

a) will be larger
b) will be smaller
¢) will not change
d) will be zero.

A registor R dissipates power P when
connected to a certain generator. If a
resistance R, is put in series with R, the

power dissipated by R, will

a) decrease

b) increase

¢) remain the same

d) increase or decrease depending on the
values of R, and R,.

In the case of electrolysis of water in a
water voltameter, the ratio of the volume
of liberated hydrogen to that of oxygen is

a) 1:2 b) I:1
c) 21 d) 4:1

The S.I. unit of electrochemical equivalent
is given by

a) Kg/A
c) coul/Kg

b) Kg/coul
d) A/Kg

In the case of electroplating of iron by
nickel

a) iron is used as anode
b) iron is used as cathode
¢) nickel used as cathode

d) nickel is used as anode and iron as
cathode

A copper voltameter and a zinc voltameter
are connected in series so that the same
quantity of charge can flow through both.
The ratio of mass of substance deposited
on the cathode of the two is directly

16.

17.

18.

19.

20.

BC
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proportional to the ratio of their respective

b) volume

d) chemical equivalents
A steady current of 1 A is maintained
through a silver voltameter for 5 hours. If
Z,,=1118x 10® kg/coul, the amount
of silver liberated during electrolysis will
be nearly

a) densities
¢) valencies

a) 0.2gm b) 2gm

¢) 20gm d) 200gm

The electrochemical equivalent of a
material depends on

a) the nature of the material.

b) the current through the electrolyte
containing the material.

c) the amount of charge passed through
the electrolyte.

d) the amount of the material present in
the electrolyte,

The dimensions of Faraday constant is
a) MA'T! b MTA'
¢c)MAT' d) M'AT

The metal which is not extracted by
electrolysis is

b) iron

d) gold

a) aluminium
¢) silver

One Faraday of charge is c_qua.al to
a) 9.65x 107 coulomb-

b) 9.65 x 10° coulomb

¢) 9.65x 10°coulomb -

d) 9.65x 10* coulomb

Very Short Answer Type Questions :

“Name the S.L units of electric energy and

power.
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i [

. oD W

10.

L1

13.

14,

15.

17.

18.

—_—
.

How many joules will make one kilowatt
hour ?

How many joules will make one colorie ?

Define electrochemical equivalent of a

substance.

Define the Faraday constant.

Is Faraday constant a universal constant ?
Is Faraday constant dimensionless ?

Arrange the following energy units in
order of increasing magnitude :

Kilowatt hour, foot pound, erg, joule,

State the condition for maximum power

consumed by an electric cirouit.

Name two important applications of
heating effect of current.

Name two important applications of
electrolysis.

Mention the dimension of électric power.
What is the percentage of decrease in
power if current flowing through a resistor
drops by one percent.

How much of charge in coulomb is
present in one cu** ion 7

Mention the relationship between

chemical equivalent and electrochemical
equivalent of a substance.

Name the liquid that does not undergo
electrolysis even if it is a very good
conductor of electricity.

A 25 W and 100W bulbs are connected
in paralleel. Which bulb flows brightly ?

[CBSE Sample Paper]

A 25 watt bulb and a 100 watt bulb are
joined in series and connected to mains
which bulb will glow brighter ?

[CBSE Sample Paper]
Short Answer Type Questions :
State Joule's laws of heating.
: : (CHSE, 1995)
State Faraday's laws of electrolysis.

10.

1.

12

13.

4.

15.

16.

17.

18.

 Bureau's Higher Secondary Physics

- Which will have more resistance, a lamp

of 60 W or a lamp of 100 W ? Why ?

Mention the physical significance of
Faraday constant.

Show that the maximum power furnished
by a cell to a resistor R = ¢ /4R where
£ stands for the emf of the cell.

Find the resistance of a 25 W, 250 V bulb.

How does a voltmeter differ from a
voltameter ?
Can alternating current (a.c) be used in
electrolysis 7 Explain your answer.
Distinguish between chemical equivalent
and electrochemical equivalent of a
substance.
Calculate the cost of electricity if a | KW
heater is used for 10 days at the rate of 1
hour per day. Assume the cost of energy
to be Re 1.00 per unit.
A d.c. motor taking 5A on 220 V line is
80% efficient. Find its power.
Mention why a fuse is used in house
wiring.
Two bulbs each of 100 W are connected
in parallel. Find the power consumed by
the combination. [CHSE, 1997]
A 12 V battery is charged at the rate of
SA for 25 hours. Calculate the energy put
into the battary in KWH.
Calculate the mass of copper liberated in
acopper voltameter by the passage of 1A
: . o ! 7
d.c. forl hour. Z_=6.6 x 10”7 Kg/C.
As temperature increases, the viscosity of
liquids decreases considerably. Will it
decrease the resistance of an electrolyte ?

[Explain your answer.

Do the electrodes in an electrolytic cell
have fixed polarity like a battery ?

If twd'electric lamps each of 100W, 220V
are connected in series to a power supply

. _of 220V, find the power consumed.

[CHSE 1993 A]-
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19.

22.

One ampere of current flowing through a

~ wire produces 60 cal of heatin 158. Whal

is the resistance of the wire ?
[CHSE 1992 A]

What is the nature of filament inside a zero
watt lamp ? (CHSE 1991 §)

An electric iron has the marking 880 W
and 220 V. Calculate the resistance of the
coil inside iron. [CHSE 1991 A}

A heater coilis cut into two parts and only
one-of them is used in the heater. What is
the ratio of the heat produced by this half
coil to that by the original coil ?

[CBSE Sample Paper]

Twao heater coils made of same material
are connected in parallel across the mains.
The length and diameter of the wire of
one of coils are double that of the other.
Which one of them will produce more
heat ? [CBSE Sample Paper]

Long Answer Type Questions :

Obtain an expression for the heat
developed in a resistor carrying current.
Hence mention Joule's laws of heating.

Find the amount of heat generated by a |
KW, 250 V heater when used for | hour
by connecting it to a 250 V mains.

State Joule's laws in connection with
heating effect of electric current. Describe
how will you verify them experimentally.

State and explain Faraday's laws of
electrolysis. Calculate the value of current
required to deposit 0.972 g of chromium
in3 hours E.C.E of chromium = 0. 00018
g/ coul.

State and explain Faraday's laws of
electrolysis. Show from the second law
that Z a ¢ for an element where Z is the
electrochemical equivalent of the element
and c its chemical equivalent.

b3
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Calculate thee.c.e of silver giventhate.c.e
of copper = 3.293 x 107 kg/coul.

c.e. of silver = 107.87

c.e of copper=31.77 [CHSE 1996 S]

Define Faraday constant. How is it related
to electronic charge ? Explain: the
significance of Faraday number and show
how it leads to atomicity in electricity.

Numerical Problems :

Calculate the time needed for | KW.
heater to warm 1 litre of water from 30°C
to 90°C.

A steady current of 10A maintained for 1
hour in an electrolyte deposits 12.2 g of
zine. Find the equivalent mass of Zinc in
Kg.

An electric kettle has two coils, When one
of them is switched on, water in the kettle
boils in 20 minutes. When the other coil
is switched on, water boils in 10 minutes.
Calculate the time taken for the water to
boil if both the coils are connected in
parallel.

Calculate the energy stored ina 12V, 50
AH battery if its internal resistance is
negligible.

Find the time required to electroplate 4g
of silver on a brass plate by the use of a
steady current of 1A. E C E of silver is

118 x 10° kg/eoul.

A25 W 120 V light buib and aloow,
120V bulb are connected in series across
a 240V line, Assuming that the resistance
of each bulb does not vary with
temperature, calculate the power

.dlss:pated in each bulb.

Cdlcula!c the cosl of eleclncuy at the rate

of Rs. ZSOpcrumtlfa()OWandalOOW

lamp burn for 15 days at the rate of 3 hours
each day.
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10.

11.

12.

13.

14.

A house is fitted with 20 lamps of 60 W
each, 10 fans consuming 0.5 A each and
an electric kettle of resistance 110 Q. If
energy is supplied at 220 V and costs Rs.
2.50 per unit, calculate the average
monthly bill for running each appliance
for 6 hrs a day on the average.

A spoon is to be silver plated by a steady
current of 0.1A. The thickness of silver
coating should be 0.0001 cm over a
surface of 20 cm’. Calcylate the period

of electrolysis if p,, =10.5g/cm’ and

Z 5, = 1118x107 kg / coul .

A copper and a silver voltameter are

connected in series. How much silver will
be deposited m the silver voltameter
when 0.5 g of copper is deposited in the
copper voltameter. Chemical equivalents
of copper and silver are 32 and 108
respectively. ‘

A piece of metal weighing 200 g is to be

electroplated with 5% of its weight in gold.
If a steady current of 2 A is maintained in
the circuit, how long will it take to deposit
the required amount of gold?
Z4, =0.00068 g/ coul.

A copper and a water voltameter are
connected in series. Calculate the volume
of oxygen liberated in the latter when 0.5g
of copper is deposited in the former,
chemical equivalents of copper and
oxygen are 32 and 8 respectively.
Determine for how long 1 A of current
be maintained through a dilute solution
of H,S0O, to liberate 1 g of oxygen. How
much hydrogen is produced at the same
time ?

A copper voltameter is connected in series

with acoil of resistance 1009 . A steady
current is passed through the circuit for

15.

16.

s

~
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10 minutes and it deposits 0.1g of copper.
Calculate the amount of heat produced by
the resistor. E.C.E. of copper = 3.3 x 107
kg/coul. ;

A silver and a copper voltameter are
connected in paralle] across a 6V battery
of negligible internal resistance. In half
an hour, lg of copper and 2 g of silver
are deposited. Calculate the rate at which
energy is supplied by the battery. E.C.E.
of Cu=3.294 x 107 kg/coul and ECE.

* of Ag=1.118 x 10" kg/coul.

Two heaters are marked 200 V, 300 W
and 200 V, 600 W. If the hearts are
connected in series and the combination
connected to a 200 V dc supply, which
heater will produce more heat ?

[CBSE Sample Paper]

True - False - Type Questions

Two heating coils one of fine wire and
the other of thick wire made of same
material and of same length are connected
in series and then in parallel. Then in series
the fine wire liberates more energy, while
in parallel the thick wire liberates more
energy.

An ordinary 100W bulb has more
resistance than 2 60W lamp.

The kolo Watt-hr is a unit of energy.
The heat energy produced in a current
carrying wire is directly proportional to
the square of the current.

At aconstant voltage, the heat developed
in a uniform wire varies inversely as the
length of the wire used.

The unit conventionally used to measure
electric energy consumed by a consumer
is | KWH.

One 1 KWH is equal to 3.6 x 10°],
Maximum power dissipated by an
external resistance R, when connected to
the celi of emf g, and internal resistance
ris g /4r.
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Fill - in - Blank Type Questions

When current is divided between two
resistances according to Kirchoff's law,
then heat produced is.........

Among the bulbs of different wattages
joined in parallel, the bulb of ...........
wattage glows maximum, but in series the

bulbof.......... wattage glows maximum.
......xamperx ......
Kilo Watt hr =
........ [, SN
_(Volt) Xuuvune.e.
- veniRansrssalRanse

A constant voltage is applied between the
ends of a uniform metalic wire. The heat
developed is doubled of both the length
and radius of the wire are...........

i

~ o

213
10 bulbs of 50 Watt, each glow 10 irs
every day for 30 days. The electric energy
(in KWH) consumed will be ..........
Correct the following sentences :

I KWH=3x10"] ‘
An ordinary 40W bulb has more
resistance than 25W bulb.

When heat Q is measured in calories and
J=4.19 Joules/calorie, we have Q=1 1°
Rt.

5 Joules make a calorie.

. The value of Faraday constant is

approximately 9 ¢5x10® coul/kg.
Faraday constant is dimensionless.

The S.I unit of electro chemical equivalent
Zis kg/ab-coul.
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& ANSWERS _ o
Multiple Choice Type Questions :

. @ 2 (@ 3 @ 4 @ S5 (© 6. M 7. @ 8 @
9. (@ 10. ) 11. (@ 12. () 13. (b) 14. (d 15. d) 16.(c)
17. @ 18. (d) 19. (b) 20. (d)

E. Numerical Problems:

g

1. 4 minl2sec

2. 327g

3. 6mind0sec

4. 216x10*J

5. 59 min 36 sec or 1 hr nearly

0. PI = 64W and P2 = 16W

However the Istone i.e. 25W bulb glows brilliantly for a moment and gets fused in a
short time and the circuit is disconnected.

7. Rs.18.00

8. Rs. 1233.00

9. 3min8sec

10. 1.688¢g

11. 2 hr 3 min 55 sec

12, 350tc

13. 3 hr2l min2sec,0.125¢g

14. 3643 cal

15. 1618

16. Heat produced in 300 W heater is more than that produced in 600 W heater.

v? 2 V2A
F. (1) True (2) False (R=—P*) (3) True (4) True (5) True, because P=%~= T (6) True
(7) True (8) True
Volt x % 2
& T ity () Gihen. Tower () o MADSS RER L VOUL I ) doibled,

1000x 3600 1000 x ohm x 3600

2 VA Vi :
P=Y -~ p’fr (5) 15 KWHL.
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8.1 Introduction

We have seen that electric fields are
created by electric charges and magnetic fields
by magnetic dipoles. The study of these two
fields gave rise to the development of electricity
and magnetism as two separate branches of
physics. No link between the two was known
almost till the beginning of nineteenth century.
There was an important break through in the
year 1820 when Hans Christian Oersted, a
Danish physicist observed that a magnetic
compass needle kept parallel to and below a
current carrying wire was deflected from its
normal north-south orientation as shown in Fig.
8.1c. There was no defletion when no current

existed in the wire vide Fig. 8.1b. The deflection
* was in opposite direction when the needle was
placed above the wire. Oersted's experimental
arrangement is shown in Fig. 8.1. It clearly

indicates the presence of a
am Ll &Mt
o=

(a) (©)

Fig. 8.1

different magnetic field other than the earth's
field. Oersted attributed it to the electric current
in the wire, Later experiments by others
indicated that the magnetic field due to current

existed in planes perpendicular to the conductor
and thedines of induction in the field could be
traced. Such lines of induction due to a straight
current carrying conductor are concentric circles
as shown in Fig. 8.2. 3

-
I
q
/ I
- | e
Fig. 8.2

Almost in the same year 1820, Andrae Marie
Ampere observed separately that two parallel
current carrying conductors placed side by side,
-attracted each other. He attribted the
phenomenon to the interaction existing between
the magnetic fields produced by the two
currents. From his observations and analysis he
said that electric currents could be the source of
all magnetism. It could be demonstrated that a
freely suspended current carrying wire within
the two poles of a strong horse shoe magnet got
deflected from its normal position (Fig. 8.3). All
these findings established an intimate
_relationship between electric current and
magnetismp. Hence a new subject called
electromagnetism began to grow. It was
subsequently enriched by the contributions of
the then researchers like J.B. Biot, F. Savart,
Michale Faraday, Joseph Henry, James clarke
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Maxwell and many others. It became the leading
topic of nineteenth century physics.

Freely >
suspended
mndu::lnr“\‘l v
S| 1\ [N £
Rl——
Mercury 3
cup o

Fig. 8.3

In the present chapter we shall make a simple

beginning of the phenomenon and our

discussions will be confined to the followings

i.e.

(i) the static magnetic field produced by
steady current,

(i)  the force exerted on moving charged
particles in such fields;

the forces and torques experienced by
current carrying conductors and current
circuits in such fields, and

(iv)  the application of the phenomenon to
the making and working of some
electrical equipments like galvanometer,

ammeter and voltmeter.
8.2 The magnetic field and magnetic
induction

Earlier we have studied magnetic field

as 4 limited region of space surrounding a

magnet. The poles of another magnet brought

into this field experience forces. This is called

-interaction between the field and the magnet. A
magnetic field is identified by a vector called

magnetic induction B at any point. Itis defined

as the magnetic force per unit pole strength

‘when a small north pole is assumed to be placed
at that point. However, it is difficult to measure

B at any point practically from this definition

as a single isolated pole in magnetism cannot

be obtained. This difficulty is removed if any

magnetic phenomenon is looked upon to have

Bureau's Higher Secondary Physics

some electrical origin. Accordingly the magnetic

field vector B atany point in the field has been
defined from the knowledge of the force

_experienced by a moving charge in a magnetic

field. Let us call it the magnetic force E_ . A

charge does not experience any such force if it
is at rest. Experimentally one may observe the
following points about magnetic force.

(i) At any point in the magnetic field there
is one fixed direction along which if a
charged particle (+ve) moves, it
experiences no force. This direction is

taken as the direction of B at that point.

(i)  Ifthe velocity § of the charged particle
makes angle 6 with the direction of

B at any point, the magnitude of
magnetic force at that point is
proportional to § sin 0.

The magnitude of magnetic force is
proportional to the magnitude of the
moving charge q.

(i'ii)

(iv)  The direction of magnetic force on a
moving negative charge is opposite to
that on a moving +ve charge.

(v) The direction of .magnetic force is
; always perpendicular to the direction of

Band § atany point.
Taking all these facts into account the magnetic

force F,, ona moving charge is written in the
form.

E, =q (8xB) 821
Then |f7m|=qI§I|]§|sin9 B2,
N |f~‘ |
and B[ = . BSTnB .823

One can thus obtain B by measuring F,_ ona
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given charge which moves with a known speed

8 in a known direction. The direction of B is
uniquely defined by applying the rules of vector

product. To be more elaborate, if § and B of
eq. 8.2.1 are contained in XY plane as shown

in Fig. 8.4, then the direction of Fm is along the
Z direction by cross product rule.

: ]Z :
F oY f-;-m
4 .
(a) =

Fig. 8.4

In a special case if § is along X-axis, and B
along Y-axis then F,_is along Z axis as in Fig.

8.4b. As § =19 and B= jB,
f’m =q§xl§=q{19ij)

=(ix))q9B=kq9B

To easily remember the direction of E_
one may follow the RIGHT HAND THUMB
RULE which states that "If the other fingers
except the thumb of right hand are curled around
the thumb from the direction of § tothatof B,
then the thumb points in the direction of magnetic
force F,_. This is shown in Fig. 8.5 i.e.

(a) The right hand rule (in which § is swept
into B through the smaller angle ¢ between
them) gives the direction of 9 x B as the
direction of the thumb. (b) If q is positive, then
the direction of F,, = g8 x B is in the direction
of 8 x B. (c) If q is negative, then the direction
of E_is opposite that of § x B.
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Fig. 8.5

If the plane containing 9 and B istaken as the
plane of the paper then the magnetic force vector
E,, will be perpendicular to this plane and will
be directed either into the plane of the paper or
away from it depending on the orientations of

§ and B. When directed into the plane of the

paper it is denoted by the symbol © and when
directed out of the plane of the paper it is denoted
by the symbol @.

Unit of B

The S.I unit of B is obtained from eq.
8.2.3 and is called a Tesla (T). It is equal to
newton per amperemeter. i.e.

I newton

1 coulomb x 1 e
sec

1 Tesla=

In n

coall

O m Am
s

. There is another C.G.S. electromagnetic unit of

B called Gauss..

1 dyne

. =10 Tesla -
labamp - 1 cm

1 Gauss

The dimension of B isobtainedas pj'7—24-!.

A Tesla is quite a large unit of magnetic
field. The magnetic field at the earth's surface is



218

around 50 x 10 tesla, However, in laboratory
large magnetic field of around 10 T have been
produced using large superconducting magnets.
Magnetic field on the surface of a neutron star
is as high as 10°T.

Ex. 8.1.1 An alpha particle is projected
vertically upward with aspeed 3 x 10" km/s. in
a region where magnetic field of 1 tesla exists
in the direction from south to north. Calculate
the magnetic force on the @ - particle.

Soln.
Charge q of the a - particle = + 2e
velocity § =k 3 x 10"m /s

(the vertical direction is taken as the
direction of Z axis for convenience)

Field B=1] tesla

(the direction from south to north is taken
as the direction of Y-axis)

~F, =q(9xB)

=2 (k3x 10" m/sx] tesla)
=2x L6x 10"x3x 10’

m_ In

—X x(ﬁxj)
8 m

=96x 10" (-O)n

_Thus the force experienced is 9.6 x 10"*n
directed from East to West as shown as.
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8.3 Magnetic flux
A region of magnetic field is assumed to

be filled with magnetic lines of induction. The
tangent drawn to such curves at any point gives
the direction of B at that point. The number
density of these lines per unit area held
perpendicular to these lines gives a quantitative
measure of the field vector B relative to a
known field. The number of lines of induction
through certain area is termed as magnetic flux
through the area. However, the exact quantity
of magnetic flux A¢ through a small area A A
around a point is mathematically known by the

dot product of the vectors B and AA | i.e.

.~

Ap=B.AA ~8.3.1

= Ap=BAAcosH w8.3.2

In eq. 8.3.2 the AAcos0 is the projection of

area AA and is perpendi~vlar to direction of
B, as shown in fig8.6. It is to be noted here that
area is treated as a vector and the outward drawn
normal to the area at a point becomes the
direction of the area at that point. Taking area

AA 1o be inﬁhitesimally small eq. 8.3.2 may
be written as

N

ﬁﬁ/ﬁ

Fig. 8.6 (Area shown as a vector)

Y g =
dp=B.dA =B. idA

where.f i8 unit vector in the direction of normal
to dA. Then total flux through area A of the
surface is obtained as
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o
b=[dp=[B.idA 833

In a special case when B is uniform over a
region and is perpendicular to the area A at every

point

¢ =BAcosO =BA ..8.3.4
Then B = -i 835
A

Thus B is termed as the magnetic flux density
which means magnetic flux per unit area which

is held perpendicular to the direction of B.

Itis to be noted carefully that the magnetic
flux through a closed surface is zero.

The unit and dimension of magnetic flux f

The unit of magnetic flux in S.I. system.

is called Weber (Wb). Using eq. 2.4.6 we can
find that

| weber = | Tesla x 1 (metre)’

g 1 newton

= x 1 (metre)?
Amp.metre

_ Dewton metre.  nm
Ampere A

= Joule/Ampere,

In C.G.S. electromagnetic units, the unit of
magnetic flux is called maxwell.

| maxwell = I Gauss x 1 (cm)*

L L2 Y L Y

~ Ab.amp. A

The dimension of ¢, from eq. 8.3.4 may be
obtained as M' T2A". L’=ML?T? A",

Ex. 8.3.1 A rectangular area of 10cm x 6 cm
is held in a uniform magnetic field of 107T such
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that the field makes angle 30° with the plane of
the area. Calculate the magnetic flux through
the area.

Soln.
_AjA -
A /' B
60
o
Given that
Area A =0.1m x 0.06 m = 0.006 m’

B = 10 Tesla.
The plane of the area makes angle 30°
with B.
. The area vector A makes angle 60° with B.
~ & =BAcos = 107T x 6 x 107 m? cos 60°
=3 x 107 weber.
8.4 Biot - Savart Law

Following Oersted's discovery of
magnetic field produced by a current in 1820,
attempts were made to measure this field
quantitatively. Two french physicists Baptiste
Biot and Felix Savart first of all formulated a
law purely from experimental observations and
this is known as the famous Biot-Savart Law in
electro magnetism. It is the magnetic equivalent
of coulomb's law in electrostatics.

The law states that the magnitude of
magnetic field AB produced at a field point P
(Fig. 8.7) due to a small length A( of straight
conductor carrying current 1 is

(i) directly proportional to the product

of I and Af,
ie. AB a Al
(i) directly proportional to the sine of
* angle @ between the current

element I Af and the distance r from
the element to the point,
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i.e. AB o sinf

inversely proportional to the square
of the distance r between the
element and the point.

(iif)

i.e. AB a i,
r-

The conductor carrying current I, the length
element and the point P are shown in Fig. 8.7.

11 P

[\}'

L)

Fig. 8.7 (Magnetic field due to a straight
current element)

Mathematically we may write

ABa 1AL ::mB
e
— AR = KIACsing .84.1

rZ

where K is the constant of proportionality
depending on the nature of the medium between
the element and the point and also on the system
of units used.

It is related to magnetic property of the
medium called its permeability p . For vacuum,
free space or air this permeability is denoted as

B, and K= :—“ =10"" Weber/amp.m.
n

As AB isa vector, itis wrilten in vector notaiton
as A

p,I Al sinBn

—s
AB = -
4n i

..8.4.2
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Where n is a unit vector perpendicular to
-

the plane of A( and 7 and the exact direction

is determined by right hand screw rule, which

states that

"If a screw held in right hand is rotated in
the plane of Xf and 7 from KC to 7, the
direction in which the screw moves gives the
direction f or gB.“

Eq. 8.4.2 may be written as

-
Al b OX KT
4n P

using the knowledge of vector product.

To find the total magnetic induction B at P the

whole length of the conductor is divided into a
->

large number of small elements and the AB;'s

obtained for each element are added vectorially

~ tofind B. This is shown in Fig. 8.8.

(b)

Fig. 8.8

\
Then B = Z‘ﬁ-a. =y BJIALXE | o044

4n

If the number i is so large that A(, is
infinitesimal, then



Magnetic Effect of Electric Current

&,_I_dfx?

41: r3 ...8.4.5

>
B=fdB=|
The relations 8.4.1 and 8.4-4 obtained by
Biot and savart for a straight current carrying
conductor were also obtained empirically by
Laplace in a later period using a conductor of
arbitrary shape as shown in Fig. 8.9. Hence eq.
8.4.1 is also known as Laplce's equation.

However, validity of eq. 8.4.1 for small
current only cannot be checked by direct
experiment for we cannot isolate the effect of
one current element from the rest of the circuit.
But eq. 8.4.4 or 8.4.5 can be used to find

expression for B for various current
arrangements. The fact that calculated results
are consistent with experimental measurements
is a general validity of eq. 8.4.1.

Fig. 8.9 (A conductor of arbitrary shape
divided into small current elements)

8.5 Magnetic field due to a straight current

‘Asan application of Biot Savart law let
us first of all calculate the magnetic field g due

to a straight conductor MN of finite length L.
Let the steady current in it be I. We shall

compute the magnetic field B ata point P which
is located at a distance OP = d from the
conductor. OP is perpendicular distance from P
to the conductor. it
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Fig. 8.10 (B due to straight current)
Let us take O as the origin of a cartesian

-
co-ordinate system and the directions OP and

=y
ON (shown in Fig. 8.10) as the directions X
and Y axes respectively.

Let ab be a small element of length c?f of
the conductor at a distance ¢ from O. T is the
vector drawn from c-l:.“ to P and 0 is the angle
made by t?f with T as shown in the figure.
Wehave 7=id+jt
and. df=]de

- e
Then dB at P due to current element I df is
written as

=
" =
B = Peg dlxr
4n r

pd jdex (id+jo)
4n r

I (-kdtd
i et} 851
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It is thus seen that the direction of dB is along
the negative direction of Z axis. It is directed
into the plane of the paper which is taken as the
XY plane. Since the conductor is straight all
elements of it lie in XY plane and therefore

direction of B due to the conductor is directed
along k.

The magnitude of d_i3 is given by

Yo Irdf sin 0

dB =
4n r

_ 1dsin®
BT A

Let us here consider the right angled triangle
ObP in which

ZObP = n-6. Then
r=dcosec(n—0)=dcosect
and (=dcot(n-0)=-dcot
. dl=dcosec’d dO
Substituting for rand d{ in eq. 8.5.2 we have
il d cosec’0. sin® dO
4n d*cosec’®
bl sin0d0
4n d

=

sinf do
8, :

™
= B =%qu [cosB, —cos0,] ..8.5.3
Here in eq. 8,5.3 0, and 6, are angles made

by the radius vectors drawn from the lowest and
the highest elements of the conductor to P
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respectively. Taking direction of B into account,
D i Pnl
B =(—k)— [cos0, —cos0
T8 4nd [ : 2]

Special cases

(i) If the conductor is considered to be
infinitely long

then 0, — 0 and 8, — =, so that

B=-k : [cosO—cosn]
PRI |
1-(-1)]=-k=te
[ -] 4nd
= s p I
= B =-k* ..8.5.5
nd

Itisthus seenthat Bl and B o ! and this
was the result found empirically by Biot and
Savart from their experimental observations.

(i) If P is assumed to be a point on the
- perpendicular bisector of the conductor

of length L, then each distance r from the
highest and the lowest elements of the

conductor is given by

so that cos0, —cos0,

_@a+n L
Va +12 /4 Jd*+1%/4
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- pIL

=-k 3
dnd Va2 +1%/4 B0

(ool

Alternative way to find the direction of B

The direction of B at P can also be found
by right hand thumb rule which is as follows.

"If the thumb of the right hand is taken
along the direction of current along the
conductor and the other fingers are curled to
pass through P, then the direction of the fingers

at P gives the direction of §."

This is shown in Fig. 8.11

Q
1 |
(a) (b)
Right hand thumbrule  (Lines of induction
due to a current)

Fig. 8.11

The lines of induction due to such a
current carrying straight conductor are
concentric circles in a plane perpendicular to
the conductor with the centre on the conductor.
This has already been shown in Fig. 8.2.

Ex. 8.5.1 A current of 2A is maintained in a
long straight conductor placed in air. Calculate
the magnitude of magnetic field at a distance

10cm from the conductor.
Soln.
Givend=10cm=0.1m
I=2A
g Mol Mo A
2nd 4n d

=lo,1 Wb XZXZA
A.m Olm

=4x107° w_? =4x10™Tesla
m
8.6(a) Magnetic field at the centre of a
circular coil carrying current.

Shown in Fig. 8.12 is a circular current
loop of radius a. We shall calculate the magnetic
field B due to the loop at its centre when it
carries a current I.

' For convenience of calculation we assume
the loop to be in the XY plane of a cartesian co-
ordinate system having origin at the centre O of
a loop. The loop is connected to the current
source through two closely spaced parallel leads
AB and CD as shown in the diagram.

Fig. 8.12

Fig. 8.13

=¥
Let us choose a current element I df at

P(x,y) located on the loop. From the diagram

Idl=1(dxi + dyj) .8.6.1(a)
x =acos0,y = asin0,dx = —asin0d6,dy = acos0do .
The radius vector drawn from this element to
the centre is a where ]

-~ -~
.

a=xi+yj ..8.6.1(b)

Hence the magnetic field d_iS at O due to the
element is given by

-

o =

dB* =£‘11- 3] (By Biot-Savart law)
4n . a’

‘Using egn. 8.6.1(a) and (b), the above gives:



224

dé ..8.6.1

It is seen that dB due to all other elements of
the loop is in the same direction which is that of
Z-axis and is out of the plane of the paper. As
all elements of the loop are on its circumference,

the total field B due to the entire loop is obtained
by integrating eq. 8.6.1.

-~ 1do
B=k
Thus ,! 4na
o Bk B oriBeL g6
4ma 2a

It is to be noted that if the current is clock wise

then df = —dxi ~dyj and
0 BNI 2
By =-——%k ..8.6.
N 72 8.6.3

It is seen that the direction of B at the centre of
the loop is as per right hand thumb rule as shown
in Fig. 8.13 i.e. "If the current is in anticookwise
sense, the field is towards the viewer ant if it is
in clockwise sense it is away from the viewer."

Ex.8.6.1 Calculate the magnetic induction at -

the centre of a flat circular coil of 100 turns of
wire and 15 cm radius when it carries a current
of 6 amps in anticlockwise sense. What would
be the magnetic field if the same coil is rewound
to have 200 wrns ? : :

Cuvcn that I=6 A -

nre

a 15cm OISm

and N= 100
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u NI
2a

=k

(assuming the coil in XY plane)

e, [B] = 2o
2a
_H; 2rNI
4n a
=10_7 Wb X% -2_2_ 100 x 6A
A.m 7 015 m
=25 x 10 Tesla

The direction of B is perpendicular to the
plane of the coil and is determined by right hand
thumb rule.

When the coil is rewound to have 200
turns let the new radius of the coil be a’ . Then

2nNa = 2rN'a’
i.e. 100 x 0.15m =200 g4

= a’'=0I5mx —199 =0.075m
200

, _ BN
'_ B =-D_—
2a’
e 10_1,Wb 200x6A
Am 2x0.075m

= 10x10’3%“,5—= 10~? Tesla

8.6 (b) Magnetic field at any point on the axis
fa

lar ca rrent

Let ug consider a circular coil of radius a
and number of turns N in the XY plane which

- is taken as the plane of the paper. Then the axis

of the coil becomes the Z-axis and let us take
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the cnetre of the coil as the origin of the co-
ordinate system as shown in Fig. 8.14.

(x,y,0)

X

Fig. 8.14 (Magnetic induction at any point on
the axis of a circular coil carrying current)

In order to calculate B at any point P

(0,0,Z) on the axis, consider an element Icﬁ' at
N (x,y,0) of coil. The magnetic field dut to this
element is given as

-

i Mol $EXT 864
4n
As shown in the diagram,
d£=dxf+dy}; ?=-xf—y}+z§
l‘z.sz-}-yz-[-z: =~\(a"!+zz ...3.6.5_

This gives
(Yf x T =(xdy- ydx)[; "'Zdli +Zdy; ...8.6.6

Since

x=acos0,y=asin6,

dx = —asin0d6,dy = acos6d0
So
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de x7=ka'do+ jzasin0d6 + izacos6dd
..8.6.7

Using eqn. (8.6.7) in eqn. (8.6.6)

_ Bl (ka*d® + jzasin 0d0 + izacos8d6)
4n (a*+2°)"

...5.6.8

The net magnetic field due to entire loop is
obtained by integrating eqn. (8.6.8).

In . A i
: (ka [d0 + jza [ 5in 840 + iza [ cos 6d6)
(1] L] 9

s sy
B-JdB 4n (a*+2)"
..8.6.9
i = I(ka’2n+0+0)
B=[dB="
-[ 4 (a*+z2)"
—=B= Mol | a’ k 8.6.10
2 (az +z'_l)3f2 xtnen
If there are N number of terms then
F |
- a -
B= KNI ...8.6.11

N ™= 2 (83 +zl )31’2
It is 10 be noted that if the current is clock wise

then df = —dxi —dyj and

B _ NI a” k..

——

N = 2 (a2 +zz')m

This shows that |ﬁ| varies with distance z along
the axis. [ decreases as z increases in either side
of the centre O. The direction of B is along the
axis of the coil and is out of its plane if the
current sense is anticlockwise and into its plane
if the current is clock wise.

At the centre of the coil z=0, so that
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Bk NI
2a
Which is the same as obtained earlier in eq.

8.6.3. The variation of B with distance z is
shown graphically in Fig 8.15

Y

%

1
7 Z
-z.' 9 =z

Fig. 8.15 Variation of B with distance along
the axis of a circular current.

8.7(a) Magnetic dipole moment of the coil
and B due toit.

The magnetic field at any point on the axis of a
circular coil carrying current I is given by eq.
8.6.11 which may be written as

n, 2(NIna’k)

B=1e
an (a’+22)"?
= i 2m
= B - th- (al +zz)332 ...8.6.12
Where we have written
M = NIna’k ..8.6.13

and let us call m given by eq. 8.6.13 as the
magnetic dipolemoment of the current carrying
circular coil. In fact eq. 8.6.13 was obtained
earlier while finding the magnetic field at any
point on the axis of a bar magnet. Thus we see
that a current carrying coil behaves as a magnetic

“dipole. The magnetic moment of such a coil
may be written as

mo=TAd ..8.6.14

W here Adis the area of the coil and 4 is
outwardly drawn unit vector perpendicular to
the area. For a circular coil carrying current A =

ma®N and Ad=ma’ Nk when the plane of
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the coil is the XY plane, the current being in
anticlockwise sense. From eq. 8.6.12 we see
that the magnetic field at a distant point on the
axis is given by

M, 2m

fo Mo 20
i b ..8.6.15

(b) Wecan also calculate the dipole mement
of a current loop directly as given below.

Consider a small plane circuit of any
shape and calculate the field due to this loop at
any pointP, where the distance from the loopis
large compared with the linear dimension of the
circuit. Let 'o' be a point inside the circuit and
be chosen as the orgin. The coordinate axes X,
Y, Z are so arranged that Z - axis is along the

positive outward drawn normal to the circuit.

- Let Op lieinthe ZX - Plane. The circuit
lies in the XY -Plane. Then

R= R(;rsin9+ z¢os 8) ———(8.7.5)

= (xsin@+zcos#) —(8.7.6)

SIET

R(6) =
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O.R=0=>8=xcosO—zsin@ —~(8.7.7)

p=xx+yy
("= p lies inxy -plane) ------- --(8.7.8)

Since x, y are small, so o is small. Further we

findthat r+ p = R e (8.7.9)

Eqn. 8.7.9 gives
rP=R*+p'-2Rp=R+p’ —2Rxsind
1
=’ =R(l +—£T—2?xsin6) =R (1 —-z;-sina)

o 1

= —
£ R’(l—%sinﬂ)

I

| 3x
= —=(1+—sinf
-=(1+=sing)

Now according to Biot and Savart's law
the magnetic field at P due current element

dl =(0S) is

: (8,11

Using eqn.8.7.9and 10 in eqnl.s.’!. 11 we obtain

m;;,lz,ﬁ_a:m%m }?!xﬁ-%sinadrkﬁl

Retaining up to 2nd order smaliness we get

ﬁ:4’;‘;,[3}xﬁ—ilx5+%sinorﬂxm —(8.7.12)

Integrating around the circuit

= g oo pm m e =B oy
B=W{cj(dn x R—df (di » p)+sing (xdiy < R]
Now C} dl =0, as the circuit is closed. Further

if we consider the tringle OQS, then its area is

=i
da = SR dl and its direction is along the Z-

direction.
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Hence d(dixp)=-24= —2z4

Hence

g d@i=x §xdess Jray=2 21745 4

Giving (x di =y A
So using the above results finally eqn. 8.7.13
gives

3sinfl -~

B=-24 104224 +=2 (A% )] - (8.7.15)

47R’

Using eqn.8.7.5 we obtain

= Hoid o= v p® %
B_4n-R] [2z +3sinB(xcosf—zsin )] -(8.7.16)

Equation 8.7.16 gives

_RR= Mol '
B,=RB yi R,.cosﬂ ——(8.7.17)

P id .
and B,=0B= :‘;R,smo

-—--(8.7.18)

Using eqn.8.7.6 and 8.7.7 we obtain

s, | g et gl e B o
B=B,R+ B, =15 ERR-2)

——(8.7.19)

Equations 8.7.17, 18 and 19 show that
the field at & point at large distance from the
Joop of small dimension is same as that produced
by a dipole of magnetic moment j7 — ;4. From
eqn.8.7.19 we obtain

Hyid
xR’

J1+3co0s’ 0
4 cos ——(8.7.20)

Ex. 8.7.1° A closely wound circular coil of
radius 10 cm'and 50 turns produces a magnetic
field of 2x10™* tesla at a point P on its axis, the
point being at a distance of 10 cm from its centre.

=
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Calculate the current in the coil.
Soln.
Given that

a=10cm=0.1m

B=2x10"T=2x 10" A

N = 50 (no. of turns)
Z=10cm=0.1lm

nNIa’

Wehave B= W

2B(a? +22 )2
HoN a’

I 2B (a2 +zl )]ﬂ
4n.EN a’
4n

= I=

n (001m* +001m*)*?
50x001lm*

2x2x107

anxio” Y A.m
Am

10° w x(o.oz)"“m’
m WM 50x107m?
A

8.8 Magnetic dipole moment of a revolving
electron:

In chapter-16, we shall read about the Borh

model of hydrogen atom, wherein it is postulated

that electrons move in circular orbits about the

nucleus.

We know that a moving charge is
equivalent to a current. So the electron with
charge (-€) (e=1.6 x 10"® Coulomb) perform
circular motion around the nucleus. This
constitutes the current.

jaid
T

Where T"is the time period of revolution. Now

-—-—--(8.8.1)
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) . o B 2xr
the period of revolutionis T = i =2(829)

Where v is the speed of electron on the orbit,
and r is the radius of the orbit. Using eqn. 8.8.2
in eqn. 8.8.1 we obtain

A

2xr

-—-——(8.8.3)

As discussed in previous section 8.7 a current
loop is equivalent to a magnetic dipole of dipole
moment iA, SO

Dipole moment -

|',,‘,|= ,-|2|= inrt = M" L P ———| e —-(8.8.4)
2rr

Where me is the mass of the electron and mevr

=/, is the orbital angular momentum of the

electron. So we write
P

e

i

2m, --—--(8.8.5)

Givign =
Where ] is directed in the opposite direction of
m, i.e. along the outward drawn normal. The

negative sign indicates the negative charge
carried by the electron. Further

m e

I 2m,

---—---(8.8.6)

is called the gyromagnetic ratio and is a constant.
Its value is 8.8 x 10'° C/kg for an electron. This
has been verified by experiment.

The above analysis suggests that even at
atomic level there is a magnetic moment and
thus supports the existence of atomic magnetic
moment

Within Bohr model

= nh—"—h-

o -—--—--(8.8.7)
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Where /v is Planck's constant (h=6.626x 10U1S),
n = 1,23, ....etc. Hence taking n =1, (for the
lowest orbit)

j_h _6626x107)8

27 2

=1.0546x107"J.8

e 24 2
m =—I0=927x107"" Am”
al'ld ( i)mln. 2m

LS

Where (m,),,, is the minimum orbital magnetic

moment.

8.9 The Magnetic field at any point on the
axis of a solenoid.

min

A long wire wound in the form of a
closely spaced spiral over a nonconducting
hollow cylindrical core is called a solenoid (vide
fig. 8.16). Usually its length is large in
comparison with its diameter. It can be shown
that the magnetic field inside a very tightly
wound long solenoid carrying a steady current,
is uniform at every point on its axis and is nearly
zero outside.

Fig. 8.16 (A solenoid carrying current)

Since the solenoid is made up a large number
of similar, coaxial circular turns the magnetic
field lines due to any two adjacent turns oppose
each other at any outside point whereas these
are in the same direction at any inside point.
This gives rise to a strong uniform field at any
inside point. These lines of force have been
shown in Fig. 8.17.
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Fig. 8.17

The magnetic field lines in a vertical cross
section through the central axis of a "stretched-
out" solenoid are shown in Fig. 8.17. The back
portions of five turns are shown. Efch turn
produces circular magnetic field lines near it.
Near the solenoid's axis, the field lines combine
into a net magnetic field that is directed along
the axis. The closely spaced field lines there
indicate a strong magnetic field. Outside the
solenoid the field lines are widely spaced, the
field there being very weak.

Quantitatively the magnetic field at any
point on the axis of the solenoid can be calculated
assuming that any small element of its length is
equivalent to acircular coil of several turns.

Let us consider a solenoid of radius 'a'
and length L having N number of closely packed
turns wound over it, (Fig. 8.18). Let the axis of
the solenoid be the x-axis of the co-ordinate
system. Let us take an infinitesimalty small
element of length AX having its centre at O.
QQ"’ is the length Ax of the small element. P is
a point on the axis of the solenoid at an axial
distance x from O: Let the distance QP = Q'P be

—--A!T—

Fig. 8.18 (a)



Fig. 8.18 (b)
r. The no. of turns within the small length

Ax = E{iﬁ Clearly the infinitesimal length Ax

of the solenoid is equivalent to a circular coil of

N ;
radius a and no. of turns fo . Then assuming

that the sense of charge flow in the solenoid is
anticlockwise the magnetic field at P due to

this small element of length Ax can be obtained
by using eq. 8.6.11. Let us take this field to be

-

AB . Obviously

Mo | a N
T )

Taking its magnitude only and integrating |t for
the whole lenglh of the solenoid we shall obtain

AB= i Ax 891

p=(Bela® N 892
2r L

(Assurning that Ax —» dx,sothat AB— dB)

and A — d¢

To integrate the R.H.S. of eq. 8.7.2 let us use
the diagram 8.18 b and express dx and rin terms

of a single variable ¢. From Fig. 8.18 b it is
seen that

. rdé
sing = —
¢ dx
= dy = L3¢ .893
sin ¢
a :
Also E = sin¢ ...894
Then eq. 8.7.2 is converted to
L
B=bolT fsingdo 895
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Where ¢, and ¢, are the angles made by initial

and final and points of the solenoid at P. The
integration, on evaluation, gives

—cos¢,] ...8.9.6

n,JIN
-.B=1to
o [cos ¢,

If the solenoid is long enough and point P is
within it, ¢, — o and ¢, — m sothat,

2L
s “ﬂi N —ipnl 897
N .
Where n = L = "o of turns per unit length of

the solenoid. Clearly the field is a uniform one
and is independent of the location of P. This
makes the solenoid useful when a strong
uniform megnetic field is required in an
experimental setup.
8.10 Bar magnet as an equivalent Solenoid:
We have seen in sec.8.9 that the
magenetic field due to a current carrying
selenoid, consisting of ‘N'turns and length Lis
given as (using eqn.8.9.1)

Fig.8.10.1

- . i, 2
B II‘!_,J ﬂana dx'—" ‘I;_d %Nla

= 2 ]L =il 2L(a2 +X'-")3r"2
Since X >> a, so the above expression reduces to
B= IH. Ju‘,Nm s U, Nia® I’T}"dr %Nm b
2X°L 2X°L 2X°L
B Nia* =~ u, Nira’
Giving B= ";X‘ = i £
If we define 7, = Niza’i = Nidi
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As the magnetic moment of the solenoid, then

g=ty 2
dr X°

The expression 8.10.4 is identical with the
expression 4.14.3 which is the magnetic field
due to a bar magnet at a far off point. Thus a
bar magnet and a solenoid produce similar fields
at far off axial points. Hence we conclude that
the magnetic moment of a bar magnet is equal
to the magnetic moment of an equivalent
solenoid that produces the same magnetic field.
Thus a bar magnet is equivalent to a solenoid.
8.11 Ampere's circuital law

This law formulated by A.M. Ampere
gives an alternative method to find B duetoa
current distribution. It is quite convenient to use
in certain specific cases where the geometry of
- current circuit is symmetrical. '
The law states that "The tangential

component of B i.e. B, summed over the

elements of any closed path is equal to i, times
the total current across the area within the path.”

N N'
Mathematically 2By AG =12 1, _8.11.1

i=l i=l

Fig. 8.19 (An Amperian loop enclosing
currents)
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Here the net current across the area A means
the algebraic sum of currents in either directions
through the area. To find the sum of these
currents we proceed as follows.

(1) A suitable closed curve called
'Amperian loop' is drawn to enclose
all currents within it and a sense is
assigned to the curve by giving an
arrow mark at any point. This gives
whether the curve is described in
clockwise orin anticlockwise sense
as seen by the viewer.

(2) The direction of the area vector n
is then obtained following the right
hand screw rule.

(3) The currents in the same sense as
i are taken as positive and in the
opposite sense are taken as
negative.

One such Amperian loop is shown in Fig,
8.19. There are four currents within the loop
and following the conventions mentioned as
above we have from Ampere's law

N :
ZBnMi =-L+L+L;-1;, 8112
=1

Obviously, if the curve does not enclose any
current then

N
> B =0

When the number of elements A(; of the’path

are infinitesimally small, the summation in eq.
8.8.1 is replaced by integration and we have

§B.d=p, 1,

where the integration symbol in the L.H.S.
means the integration over the closed loop.

8113



232

Application
(i) Tofind B due to along straight current

The result we have obtained in equation
8.5.5 for the magnetic field B due to a straight
current carrying conductor of large length, can
also be obtained by using Ampere's law if we
take the Amperian loop around the conductor
to be a circular path of radius s which is the
distance of the point from the conductor as
shown in fig. 8.20.

(B due to a straight current by Ampere's law)
Fig. 8.20

When the loop is described in anticlockwise
sense in a plane perpendicular to the conductor
the area vector points upwards which has been
the sense of current to as shown in the figure.
Since we know that the magnetic lines of
induction in such situation are concentric
circles, the field vector at every point of the loop
is tangential to the loop and we have

§»§.cﬁ’ = §B df= p, from Ampere's
law.

= Bl2ns = pl

I
= B=lte L8114
2ns
Which is the result obtained earlier in eq. 8.5.5.
Here the conductor is assumed to be of mﬁmte
extension.

Bureau's Higher Secondary Physics

(ii) B due to a solenoid at any point inside it.

Fig. 8.21 gives the longitudional section
of a solenoid as described in the previous
section.

Fig. 8.21

Let us apply Ampere's law to a section of a long
ideal solenoid carrying a current I. The
Amperian loop is the rectangle abed.

Qualitatively the magnetic lines of induction due
to a steady current in the solenoid are closed
parallel lines inside it. Such lines are wide apart
outside as shown in Fig. 8.17. This nature of
the magnetic field becomes convenient enough
to find B inside the solenoid. Here we choose
the Amperian loop to be a rectangular curve
abcd as shown in Fig. 8.21. For such a loop

_[]_3 HIﬁcT

c d

§Bd =

H‘——'ﬂ"
5“'-—-5‘5

clearly B and c?f are in the same direction over
ab whereas over bc and da these are
perpendicular to each oll‘;cr. Outside the solenoid
and over the path cd the field is almost zero.
Hence the integrals over the paths be, cd and
da vanish.
b
Hence  §B.di=[Bdi=plin g5
a
by Ampere's law. This gives
B(=pl(n

B=pnl ..8.11.6
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Where n= % = no. of turns per unit length of

the solenoid and ab= . For anticlockwise
current in each turn of the solenoid we may write

e N
B=tpofl=1p°nl. L8117
fora point inside the solenoid assuming its length
to be parallel to x-axis.

It is to be noted that eq. 8.8.6 for the
magnetic field inside the solenoid can be safely
used only when the solenoid is long enough i.e.
when its length is at least nearly five to six times
its diameter.

(i) Bdue toa toroid at any point inside it.

A solenoid bent in the form of a circle
becomes a toroid as shown in Fig. 8.22. It is
obtained by winding a long wire closely on a
noncondudting ring. The magnetic field inside
a toroid can be obtained by applying Ampere's
law.

(b)

(a) A toroid carrying a current i.
(b) The toroid's cross section.

Fig. 8.22

Here the Amperian loop is chosen to be a
concentric circle of radius s where r<s <r,
and r, and r, are the internal and external radii
respectively. The point P inside the toroid is at
a distance s from its centre, The field will have
equal magnitude at all points of the Amperian
loop. Hence by Ampere's law

jﬁ.&’c= |

= 2nsB=p,1

Ml

2ns

If the toroid has N no. of turns, then

B=poNI

= ..8.11.8

Atthe inneredge of the toroid the magnetic field
is the maximum and gradually falls off towards
the outer edge.

Ex. 8.8.1 A long solenoid is fabricated by
closely winding a wire of radius 0.5 mm overa
cylindrical nonmagnetic frame so that the
successive turns nearly touch each other. What
would be the magnetic field B at the centre of
the solenoid if it carries a current of 5A.

Soln.

Diameter of the wire = width of the wire
=lmm=10"m

Hence no. of turns per metre of solenoid

=n=

= 1000 per m.
107 m Pe

I=5A.
.. B at the centre of the solenoid = pon 1

= 4nx107 _hj; xJO3--x SA:m 2x10™ -
A~ m Am

=6.28 x 107 Tesla.
8.12 The lorentz force

We have discussed earlier that a moving
charge q experiences magnetic force while
moving in a magnetic field B, in a direction
other than the direction of B. The force is
named magnetic force to differentiate it from
the electric force experienced by the charge if
the same'region of space contains an electric
field E too. Denoting the electric and magnetic

forces as F, and F‘m respectively, the net force
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F experienced by the charge is given by

F=F +F,

ie. F ..8.12.1

qE + ¢ (9xB)

The force F is called Lorentz force.

It is of interest to find the work done by

—5
Lorentz force for a small displacement Af of

the charged particle in a small time interval At.
Such work AW is given by

-3

AW = EAl

= {qE+q( Qxﬁ)}. Al

qfi.g& q(9xB). Al

Il

qE.9At +q(9xB). SAt

= -

(- Al=9A)
= "Aw=qE.9At ..8.12.2
Since (9xB) is perpendicularto § .

Thus it is seen that the work done by Lorentz

R

force on a moving charged particle is equal to
that done by the electric force on it. The
magnetic force does no work on the moving
charged particle.

¥ & v
=
\
1

Bureau's Higher Secondary Physics

8.13 Motion of a charged particle in a
uniform magnetic field.

Let us assume that a charged particle of
charge q and mass m moves in a uniform

magnetic field B in a region where no other
force acts on the particle. Hence the total force
on it is the magnetic force only.

ie. F = Fm
Since no work is done by magnetic force on
the moving charged particle, its kinetic energy
does not change. It implies that its speed 3
remains constant. However, the particle is
accelerated at every moment since the force F,

continues to work on it. This force simply
changes the direction of motion of the particle
at every instant and is perpendicular to the
direction of the instantaneous velocity. One may
recollect that the situation is the same as that of
a uniform circular motion in a plane.

Thus the charged particle in a uniform
magnetic field performs uniform circular motion
in a plane which is perpendicular to the plane

of § and B. The plane of motion of the particle
is the plane of § and F, .
The magnetic force F, ,in this case, acts

as the centripetal force and we may write the
centripetal acceleration 'd_'as

i - Fn _ a(9xB)
 m m
~  .Qq9Bsin6
= a.,=n ..8.13.1
m

Here 1 is unit vector in the direction of F, .
Fig. 8.23 illustrates the situation. Here the

uniform magnetic field B is shown to be in a
direction perpendicularinto plane of the diagram
away from the viewer. It is shown by the
symbol @. The path of motion of the particle is
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circular. The centripetal force F.=FE,

=ng9Bsin 90"

®@ ®
®

®_
9

®
®

c @

®1®
® ® ®
® ® @ ® ®

A charged particle moving in & uniform field

S B0 R]
® & 8 &

(B ) performs circular motion.
Fig. 8.23

= FE =nq3B

the centripetal accn. a, = ﬁ-g—m— ..8.13.2

If r is the redius of the circular path described
by the particle

> g9B
o 8 998
r m
p=md
= B ..8.133

This shows that the radius of the path is
proportional to speed § of the charged particle.
The time period of revolution of the particle is
given by

..8.13.4
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Clearly the time period of revolution is
independent of the speed on the trajectory of

the particle. The freequency of revolution of the
particleis qB/2nmm.

In the above discussion if § is not
perpendicular to B and the particle moves in a
direction making angle O with B, then § is
resolved into two components (i) 3 = Scos@ in
the direction of B. and (i) §, =9sin®
perpendicular to B. The component 9sin@
becomes the cause of the circular motion of the
particle whereas the other one 3 cos0 makesit
shift parallel to B during each revolution. As a
result the path of the particle becomes helical.
This is shown in Fig. 8.24.

(b)

A charged particle moving in a helical path
when § is not Lr to B.
Fig. 8.24

Ex. 8.10.1 An « - particle moves in a uniform
magnetic field of induction 1.2 T in a circle of
radius 49 cm. The plane of motion of the particle

is perpendicular to the direction of B. Find the
speed and kinetic energy of the particle.

Soln.
Giventhat q=2e

B=12T
3 r=49c¢cm=049m
0 =90°

(the angle between § and B)
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For circular motion of the « -particle in the
magnetic field

2
Bq9 = m3
g B 1.2Tx2x16x10™"" Cx0.49m
" m 4x16Tx10™7 Kg
=28x10'm/$S
1 >
~E, =—m8§>
k=5 m

= L xdxL 67510 Kgx28x28x10" "‘?

=262x107"%1

8.14 Magnetic force on a current carrying
conductor.

A current carrying conductor has free

electrons which drift along the conductor ,
opposite to the direction of conventional current.

It is equivalent to the drift of an equal amount
of positive charge carriers in the direction of
current. When the conductor is placed in a
‘magpnetic field ‘B , each of these mobile charges
experiences a force F' given by the equation,

F =c§dxﬁ i L) |

Where 3, is the drift velocity of the charge
carriers inside the conductor. B in the region
may or may not be uniform. However, for
infinitesimally small length d/ of a conductor
B is taken to be uniform. If the cross sectional
area of the conductor is A, the number of charge
carriers within length element d{=n A d(,
where A df is the volume of the element and n
is the number of charge carriers per unit volume
of the conductor. If the magnetic force on the

charge inside Adf{ be dF,; then clearly

dFm = F'l\Adf

= dFm =e(§,xBmAdl -8.14.2
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—5

Within the infinitesimal element d/, the

iz ' —
direction of 8 is parallel to d{ so that we may
write

Then from eq. 8.11.2, dFyn =e(d( xB)nAS,

— dFy =I(d(xB)  -8.143

Where 1=nAe8, = jA, ] being the current
density vector within the conductor.

For the whole of the conductor

=3 -
[1dixB) ..58.14.4

wire

F
E, = |dF, -
If B remains uniform in the region

F, = 1[ j&‘c}a

wire

..8.14.5

For a straight current carrying conductor in a
uniform rmagnetic field B

{
F,=1[dxB=1((xB) g 146
(h}

The direction of the magnetic force is determined
by right hand cork screw rule. For example, if
a straight conductor carrying current is placed
parallel to +ve x axis in a region where a

uniform magnetic field B is along +ve y axis,
then the magnetic force on the conductor will
be along +ve z-axis.

‘The following two rules may help the

students to find the direction E, inanaltemative
way.

(a) Right hand rule

One's right hand being held flat with
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(i) fingers pointing in the direction of B, and
(i) the thumb in the direction of current, the
magnetic force F,, will be in the direction
in which the palm is pulled. This is shown
in Fig. 8.25.
Right hand rule to find F, on a current
carrying conductor.
Fig. 8.25

Here the current carrying wire and the magnetic
field lie in one plane i.e. plane of the palm.

(b) Fleming's Left Hand Rule

If the thumb, the first finger and the middle
finger of the left hand are stretched mutually
perpendicular to one another with

(i)  the first finger in the direction of B, and
(i) the middle finger in the direction of
current, . .

the thumb points in the direction of

(i)

magnetic force F,, on the conductor. This
is shown in Fig. 8.26.

Thrust
Field

EUITEI'II
(conventional)

Fig. 8.26 Fleming's Left Hand Rule

From eq. 8.11.6 we see that (i) if the current
carrying conductor lies perpendicularly to B, it
experiences the maximum magnetic force and
(i) if it lies along the direction of B, it
experiences no magnetic force.

Ex.8.11.1 A straight conductor of 2m s placed
in Earth's magnetic field horizontally. If a current
of 0.5 A is maintained in it from east to west find
the magnitude and direction of the magnetic force
on the conductor. The horizontal component of
earth's magnetic field is 0.36 gauss.
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Soln.

Let us take

ab= Tt =2(-D)m
(i.e. along -ve x-axis)
=054

B =0.36 j gauss
=036x 107" 3 Tesla
o By =17xB
= 05A(-1)2mxj(036x107*T)
=(-1x]j) 0.36x10°*N
=-k 036x107*N

i.e. the force on the conductor ab acts
perpendicularly into plane of the diagram and
is of magnitude 36 x 10 newton.

Force between two parallel current carrying
conductors

b d
Ay
A Aj
- - X
:-S v
ml.".‘_l
‘m
a c

(Mutual force on two long, parallel and
straight currents)
Fig. 8.26



As shown in Fig. 8.26, I, and I, are
currents in two long, parallel straight conductors
ab and cd respectively. Let the separation
between them be S.

Here each conductor produces a magnetic
field at any point on the other. Hence each one
experiences a magnetic force which is to be

found out.
— .
Let us assume that ab and cd are along

the y-axis which is the direction of charge flow

in them. S is along x-axis. Hence we may write

( =ab=] £,
and §=‘[ls

Then the magnetic field ﬁl produced by ab at
any point on cd is given by

] uoll [
B, =—(-k
' 2ns k)

(using eq. 8.5.5)

..8.14.7

©. The magnetic force on cd due to B, is written
as

Fnz = II(?ZXEI)
=IZ[}f,x(—ﬁ)E—‘-'—l—'-
: ¥ 2ns

~ Ko
=—1—=].L(
s V22

(using eq. 8.11.6)

..8.14.8

Similary the magnetic field ]§2 produced by cd
at any point on ab is given by

ﬁz 3 Mol Kk
2ns

..8.14.9

Hence the magnetic force on ab is expressed as
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f:ml =II(Elxﬁ2)
. jus lzﬁ
=T | i, x Fos2=
'[J % 2ns }

=(jxk) Holilply _ ¢ HoliLof,
2ns 2ms
..8.14.10

From eqns. 8.14.8 and 8.14.10 it is seen that
the magnetic forces on ab and cd are directed
towards each other and it seems to be a case of
mutual attraction.

If the currents in the two conductors are
maintained in opposite directions, the forces can
be seen to be directed away from each other. In
other words the two conductors seem to repel
each other.

The magnetic lines of force produced by
the two currents are concentric circles in a plane
perpendicular to the plane of the diagram i.e.
they lie on the XZ plane. The resultant Tield
pattern is shown in Fig. 8.27.

II IZ
lebl ldi::‘ 2

al  Uc

Fig. 8.26 (a) Resultant fields and forces
between parallel current-carrying conductors

It is seen that when the charge flow in ab and
cd are in the same direction, the lines of force
due to them add up in the space between them.
The resultant field thus becomes stronger in this
region and weaker in the space outisde the
conductors. Each conductor is, therefore, forced
to move from a region of weaker field to the
stronger one. This results in attraction.
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Similar analysis for two parallel and
oppositely directed currents shows that the two
conductors repel each other.

Definition of an Ampere :

Ampere is the S.I. unit of electric current.
Its definition is based on the mutual magnetic
force between two parallel, straight currents.

Let us take two very long straight
conductors which carry two parallel currents,
Let the separation between them be 1 m. If each
of the conductors carries current I, then the
magnetic force per metre length of each is given
by

- o ..8.14.11
(using eqs. 8.14.8 and 8.14.10)

Assuming I to be 1 unit %n each, the force can
be written as F,, =Ho T _2%10"n/m.

Thus we define one an"lnpere as that current
which when maintained in two very long,
straight and thin parallel conductors separated
by one metre makes them attract each other by a
force of 2x107 newton per metre.

8.15 Torque on a current loop in a uniform
magnetic field

Consider a rectangular current loop
ABCD with side lengths [ and b. Let the plane
of the coil be taken as XY - plane; with

CD=bx, AB=~bx, DA=1ly, BC=-ly.

~~
Y
'S

b 4 oty
M ¢

A [
R 2

Then the area of the coil is 4 = /ps = A=
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Let a current i’ flow in the coil as shown
in fig.8.15.1. Let the loop be kept in a uniform

magnetic field . The effect of g on the loop

will depend on the orientation of the field of 3 .
So we now attempt to examine this for various
orientation of 3

Then B=(B,x+B,y)+B.2=B, +B,
Where B8, = Bsin@sing , B = Bsin@cosp
and By = (B,;'+ BI‘,;) is parallel to the plane
of the coil and B, = B.z is perpendicular to

the plane of the cail.

The force on an element g of the arm AB,
shall be !

dF » = i{di % B) = i(~dxxx B) = —id{xx |(B,x+ B, y)+ B.z})

L]

Giving dF  =—id{B,z-B.y] -—(8.15.3)
The net force on the arm AB shall be
[4dF 1o =Fan=ib(B.y-B,z) -—(8.154)

Since the current in the arm CD is opposite to
that in arm AB, so

?; n = —F_,"g ""(8- 15-5)

In a similar manner we have
Fuo= [} i dyyxB= [} i dyyx(B,x+B,y+B,2)
Giving Fp, =il(B.x-B,z) -—-(8.15.6)

Similarly considering the net force on arm BC

 shall be

Fu =—F s —-(8.15.7)

The torque about the point O, (the centre of the
coil) shall be

f,=(%'xf}uj+[-%‘xf’m.J

E.. = I} ~
"'[EY"FMJ"{'EJ”‘F(‘QJ
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Using eqns. 8.12.4,5,6 and 7 in the above we
obtain

r

7o =iAB,y—iAB,x  -———(8.15.7)
Eqns. 8.12.1 and 8,12.2 gives
r,=iAxB -~ (8.15.8)

But in case of an extended body torque about
an axis is of relevance; hence we proceed to
calculate torque about some convenient axis

a 88

--—(8.15.9)

T, = a.ro = 3.(i§x B)

g

X

If 5= x then r, = xr, = ~idB, = -iABsinfsing

——(8.15.10)

If g =y then r, =y, =-MB; =—iABsinfcos @
ot 4 ——(8.15.11)
If 5=z then'r. =27, =0 = ——(8.15.12)

Equatin 8.12.12 shows that the perpendicular
component of the magnetic field g i.e.

B, =B, Z ;does not contribute to the rotational
.-torque, If the field lies in the XZ- plane, then
@=0and r,=0=r_and 7, =idBsinf.

Ex.8.12.1 A 100 tumn rectangular coil of sides
20cm and 15 cm is placed in a uniform magnetic
field of 4x107 W/m’. Find the torque on the

coil for a steady current of 100 mA when its
plane remains parallel to the field and the 20cm
side perpendicular to the field.
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Soln.
Given that
N= 100
f = 20cm=02m
b= 15ecm=0.15m
I = 100mA=10"A
B=4x102 =4x 107 s
0= 10
. The magnitude of the torque
t = NIAB cosg

=100x 107" A x (02 x 0.15)m* x 4 x 107 -
=10"x3x 102 x4 nm
=12x 10" mn

Ex.8.12.2 A current carrying coil of 50 turns
experiences a maximum torque of 0.2 mn when
placed in a uniform magnetic field of 0.05 T.
Calculate the magnitude of magnetic
dipolemoment of the coil and the current in it if

its face area is 0.1 m?.

Soln.
Giventhat N =50
|Al=0.1 m?
max = 0.2 mn
B=0.05T=0.05n/Am
l- _ Toax _ 02mn
B, 005
=4 Am?
o= _ m[ _ dAm?
N|A| 50 x 0.1m?>
=08 A

8.16 The moving coil galvanometer :

A galvanometer is a device to detect
current and sometimes to measure small current,
when suitably calibrated.
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Principle and therory:

It is based on the principle that when a
loop carrving current is placed in a uniform
magnetic field it experiences a torque, and the
loop gets roated about a suitable axis.

If 'N' be number of tums of a coil, i’ be
the current flowing in the coil, A be the vector

area of the coil and B be the magentic field,
then the torque experienced by the loop about

- an axis defined by unit vector @ is given by
(see eqn. 8.12.8)

r. =a(Ni 4 xB) -—(8.16.1)

Where 4 = 4n -----(8.16.2)

and 7 is the outward drawn normal to the area.
In case the plane of the coil coincides with the
XY-plane (initially) described anticlockwise

(current being anticlockwise), then n=z 1:84,
the outward drawn normal is along Z-direction.

Now if the field B lies in the XZ-plane,
the plane of the coil coincides with the XY-plane
(initially) and axis of rotation is Y-axis

(ie.qg= ;- ), then
r, = y[NiAzx(B, %+ B.2)]= y.[NiAB,y) = NiABsin@

-—---(8.16.3)
Where ¢ is the angle between the field

Thus 7, = NiABsiné

and the normal to the planeof the coil (» = z)
the Z - axis.

(Radial field produced by concave poles)
Fig.8.16.1
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If the pole pieces of the magnets is made
cylindrical so that the field is radial (see
fig.8.16.1) and always parallel to the plane of
the coil (i.e. perpendicular to the normal to the

coil)i.e.g = 90", then

r, = NiAB ——(8.16.4)
This couple tends to rotate the coil (about
the axis of rotation) to a position at right angles
to the field (i.e. the normal to the coil and the
field are parallel). But this is prevented by an
opposing torque developed due to twist of the
wire (because of its elastic reaction). If 'c' be.
couple per unit twist of the suspension fibre and
the coil rotates through o (so that the fibre is
twisted through a ) then in equillibrium position

7, = NidB = ca ~——(8.16.5)

Givign i = (ﬁ)-a =ka . (8.16.6)

¢
'‘NAB

galvanometer and is called as reduction factor
of amoving coil galvanometer.

Where £ =[ } is a constant for a given -

In case of pivoted type galvanometer the
opposing torque arises due elastic reaction of
the phosphor bronze spring holding the coil.

The measurement of ‘the angle 'a’ are
made as follows: J

(a) Lamp and scale arrangement:

In this case when the suspension fibre
rotates through 'a ' the mirror attached on the
fibre rotates through « so that the reflected
ray from the mirror rotates through 2a.
As a regult the light spot on the scale
gets displaced through d, such that
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FiR8.16.2(b]  Fir 8.45.20c)

d
tan2a=—=2a
D
Sd=t —(8.16.7
ZD . . )
f—(L}a=( = ).d=kd
Th’ef_"m NAB INABD i
——(8.16.8)

Thus the deflection 'd' of the spot on the scale is
proportional to the current strength.
(b) Weston type galvanometer:

In this case an aluminium pointer is
attached to the coil. The pointer gets deflected
through 'd' as the coil rotates through «(see
fig.8.18.2). Hence .

tang=—=a

D

Untforn radiel
muagretie fleid

Fig. 8.16.3
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C
ting = d=kd .
Giving ! (NABD) 2 (8.16.9)
Constructions:

"It consists of a coil having a large number
of turns of this copper wire and wound on a
soft iron core. The coil is suspended by means
of a phosphor-bronze wire from arigid support
between two cylindrical pole pieces as shown
in fig. 18.16.2(c). (i) A mirror is attached to the
phosphor-bronze wire in case of lamp and scale
arrangement. Light from a lamp falls on the
mirror and the reflected spot from the mirror falls
on ascale kept in front of the mirror. (ii) In case
of Pivoted type (Westorn type) an aluminium
pointer is attached to the coil.

working:

(a) In case of lamp and scale arrangement;
the lamp is adjusted so that when no current
flows in the galvanometer, the light spot remains
at the centre of the scale. Then the current is

. allowed to flow in the galvanometer and the

deflection of the light spot on the scale is noted
ftom which using eqn. 8.16.0 'i" can be
calculated.

(b) in case of Pivoted type (Weston type) it
is first of all observed that when no current flows
through the galvanometer the aluminium pointer
remains at the centre of the attached scale. Then
the current is allowed and the deflection 'd' is
observed. This is used in egn. 8.16.9 to find the
current 7’

Sensitivity of Galvanometer (Figure of Merit
of Galvanometer):

(a) In case of lamp and scale arrangement
'Current sensitivity of the galvanometer is
defined as the mimimum current (in

" microampere) required to produce a deflection

of the light spot through Imm, on a scale fixed
ata disrancé of Imeter from the mirror attached
on the fibre supspending the coil between the
pole pieces”. This is also called as Figure of
merit of galvanometer.
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i -
Sensivity = k; = 7 dis the deflection

of the light spot on the scale

(b) In case of Pivoted type (Weston type)
""current sensivity of the galvanometer is defined
as the current in microampere required 1o
produce Imm deflection on the attached scale”.

i
Sensivity = &, = -+ disthe deflection on

the attached scale
A galvanometer is said to be more sensitive

when its sensivity is low.

Ex. 8.14.1: The coil of a pivoted coil
galvanometer has 60 turns and has an area of 5
cm’. It swings in a radial magnetic field of 0.02T.
If the torsional constant of the spring is 10° mn
find the angular deflection for a current of 1 mA
in the coil. Calculate its "current sensitivity" and

"Sensitivity".
Soln.
Given N =60
|A|.—. Semi=5x 104 m?
[B| = 0.02 Tesla
C=10*mn
I=1mA=10"A
I NABI
0=—=—— fro .8.134
K C (from egs. 8.13
and 8.13.5)
iy K2 60 x5x10%m? x2x107 ﬁxw‘-‘A
= 8
10" mn
=6 x 10" radians
C Sensitivity = S'.=——N—~
urrent Sensitivity = 5 =7 C

_ 60 x0.0005 x 0.02
10%mn

_6x10' x5x10™ x2x107
10°

=6x10""rad/ Amp

1
Sensitivity = S, = S
1

1
6x1077 pd

=0.167 x 10" Amp/ rad
Shunt :

A small current is sufficient to deflect
the coil of a galvanometer. If a larger current
is allowed to pass through it, the coil may
burn. Hence while connecting a
galvanometer in a circuit a suitable low
resistance S is connected in parallel with
the galvanometer coil to save it from damage.
Such low resistance is called a shunt. A shunted
galvanométeris shown in Fig.8.32.

1rI‘

.......
-----

Fig. 8.32
(A galvanometer connected to a shunt S)

The main current I is divided at A into lg and I
which flow through the galvanometer and the
shunt respectively. These two currents meet at
B again to become 1. The potential difference
between A and B i.e. V, , can be written as

Vp=1,G=1s

and I=lg+Is.sothatls=I-Ig
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Vp=1,G=(-1)S
S ,
I = l saalde .
» Loz 8.14.6

As S << G, I,‘1 is a very small fraction of I and it
saves the galvanometer from damage.

8.17 Conversion of galvanometer to ammeter:

Anammeter is an electrical device for
measuring current in a circuit and is always
used in series in a circuit.

A galvanometer can also measure current

.if suitablycalibrated; but for a small current the
pointer goes out of scale and a little Considerable
current may damage the galvanometer, Further
as soon as the galvanometer is inserted in the
circuit the current flowing in the circuit becomes
different. For example consider the circuit

shown in fig. 8.14.1, in which the current /=%

is to be measured. But when we insert the
galvanometer of resistance G for measuring the
current i’ we actually measure a current

= BT #i
)= =
R+G G
R(1+—
( R)
—MW—  —WW—@—
‘h ':——' iik k G
k¢ (1}
K E
Fig. B.17.1 Fig. 8.17.2

Soin order to enable the galvanometer measure
current (i.e. work as an ammeter) its effective
resistance should be reduced so that it affects
the circuit to the minimum extent. This is
achieved by connecting a shunt resistance in
. parallel to the galvanometer as discussed below.
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Fig. 8.17.3

The effective resistance G'is now given as

I 1 1 - 3
—_—=—4—G —G+S— S
G G Slemg l+G

—(8.17.2)

When S << G we find ;' = §, implyng that
the effective resistance of the galvanometer is
greatly reduced and now current in the circuit
is almost unaffected as shown below

E E E

-—

TG G oru By B
—) R(+—=
R(l+ R) ( R')
(- S<<R) ---(8.17.3)
Further applying Kirchhoff's law we have

iG=iS=(i-i)§  -——(8.174)
Solving this we obtain
S D e .S
I’ =1 =1 5 o ) —
G+S G+ 5) G ——(8.17.5)

Equation 8.17.5 shows that a very small portion
of the total current flows in the galvanometer
and major portion of the current is by passed
through the shunt. Thus the damage to the
galvanometer is avoided. But this has now an
added advantage of enhancement of the range
of the galvanometer as discussed below.

Suppose i; =kN gives ful scale

deflection without causing damage and :; is

the safe value of the current, k is the current
required to produce unit deflection on the scale.
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Then from eqn.8.17.5 we have

L=G+S=I+E_N
iy S S
This gi S-i’ 8.17.6
is gives N-1 ——(8.17. )

Equation 8.17.6 gives the value of the shunt
resistance to increase the range of the galvanometer
by N-times (when used as an ammeter), when
the galvanometer resistance is G.

Ex. 8.16.2: A galvanometer is designed to give
full scale deflection by a current of 0.1 A. If its
coil resistance is 60 ohm, find the value of the
resistance to be shunted with it to make it an

ammeter reading upto 5A.
Soln.
Given that Ig =0.1 A

I=5A
G=60Q
S=7
S
We have l=[G; ]l:
= (1-1,)$=1,G
I
= S=—%
(I-1,)
__01A
(5-0DA’
= 1.2Q
8.18 Conversion of galvanometer to
voltmeter :

A voltmeter is an electrical device used
for measuring potential difference between two
points in a circuit.

A galvanometer can be used to measure
potential difference between two points by
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calibrating the scale in terms of V' =i,G . But

this has to be connected in parallel between two
points and a little current should pass through
the galvanometer to avoid any damage. For
example if acurrent / passes through a resistance
R, then P.D. across the resistance Ris i R and it
has to be measured. But as soon as the bare
galvanometer is inserted, the current through R
is disturbed and we fail to measure the actual

P.D=i R; but rather measures i, R=V, #V as
illustrated below.

<+ V=IR-p V= [pR»
Fig.8.18.1 Fig.8.18.1

Thus we need that i, — i and i.0. Thisin turn
requires effective galvanomelter resistance
should be high. In order to achieve this condition
a high resistance H is connected in serieswith
the galvanometer as shown below.

MM~ :
ok ‘

The effective galvanometer resistance is

G =G+H ——(8.18.1)
and consequent effective resistance of the circuit is

o GR = R . R
GHR l+£. 1+ i
G G+H

Sicne (G +H ) >> Rso R’ = R = almost no

change in the current in the circuit. Now
applying Kirchhoff's law we get
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iR=i(G+H)=(i-i,\G+H) —(8.18.2)
Its solution gives

. G+ H . |

“TRAG+H) |, R

G+H

—

[ (G+ H) >> R) ——(8.18.3)

Thisimplies i,R=iR=V ---—-(8.184)
e the galvanometer measures the original P.D
iR = V. Again we further find that if i} be the
safe current for the galvanometer then the
maximum P.D measured is

= grale 3 H
V=i (Gt H) =iy (=) = V(1 +2)

----- (8.18.5)

Where ¥, =i’G is the old range of P.D that
could be measured by the galvanometer. Now
eqn. 8.18.5 gives

-V—=l+-P—{-=N
V .

0
Giving the value of the high resistance
H=G(N-l) -——(8.18.6)

Thus the range is N-times increased.

- Ex. 8.16.3: A moving coil galvanometer has a |

resistance of 40 €).. It gives full scale deflection
with a current of 2 mA. How is it to be modified
to convert it to a voltmeter of 5 volt range ?

Soln.

Given G=40Q
i, =2X 10° A=0.002 A
Vm =5V
Wehave I, R, =5V

=  0.002A (R, +G)=5V
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= 0.002R,A+0.002x40V =5V

= 0.002R,A=(5-008)V
_ 42V
"7 0.002 A
= 2460 Q

A resistance of 24602 is to be connected in
series with the Galvanometer to convertitto a
voltmeter of 5V range.

Miscellaneous Numerical Examples

Ex. 1: A vertical straight wire in which a current
of one ampere is maintained, is placed in the
magnetic field of earth where the horizontal
component of the field is 0.3 x 10 tesla. Find
the distance where the neutral point is obtained
from the wire.

Soln.

The neutral point in this case is that point
where the magnetic field of the straight
conductor balances the horizontal component
of the earth's magnetic field. Let the point be
located at S from the straight conductor.

Mol
B, =
1l

= S=—

Then

Substituting the datas in the R.H.S.

4 W 1A
A.m 03x107°T

2Tm* A
= 667 %107 —=
S AMT

=6.67 x 10" m.

S=2x10

Ex.2: A rectangle of size 50 cm x 40 cm is
placed horizontally in a uniform magnetic field
which mak.cs angle 45° with the vertical. Find
the magnitude of the magnetic field if the flux
over the rectangle is 0.17 Weber.
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Soln,
Length of the rectangle =50 cm=0.5m

Breadth of the rectangle=40cm =04 m

Area = 0.20 m?

Assuming current to be maintained in
clockwise sense the vector associated with A is
in the vertically downward direction. Hence

A=-02km?
Angle between B and k =45°

Magnetic flux ¢ = B. A = IﬁIA cos 45°

=02 Hm2
VR
0.2

=017W=— Bm’
V2

[ 0.17 %42

020 -
=1.202 W/m*

W/m’

Ex.3: A particle of mass 0.1g and charge
5 x10"° C is fired horizontally with speed 60
km/S. A horizontal magnetic field applied
normally to the initial velocity direction of the
particle keeps it moving undeviated along the
horizontal path. Find the magnitude of the
magnetic field. (neglect earth's magnetic field).

Soln.
Let the particle be fired horizontally along

+ve X axis in the plane of the paper.
Then velocity of the particle § = 60%‘1?
= 6x10'im

Let the direction of the magnetic field g
be along +ve Y direction in the plane of the paper

- Then
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Then B=jB
q=5x10"C
l::rn =q(s-xﬁ]

=5x l()'“'cnul(ﬁ x10%7 2 x ]B)
=30x 107°B k ©ym
This force directed vertically upwards balances
the force of gravity on the particle at every point

of motion so that it does not deviate from its

path.

E, +mg=0
= 3x107° kBen 401 x10 kg
- %982 (-k)=0

= 3x107 symp=|0kogien
_98x10" kgm _ $
3x10° 8§ ASum
= 32,67 3emen = 39 67 Tesla

Ex.4: A particle having a charge of 2
nanocoulomb is accelerated through a potential
difference of 100Q V where it enters a uniform
magnetic field of 1 Tesla normally. Find the
mass of the particle if it follows acircular path

of diameter 8 cm.

Soln.
Given q=2x10°C,
V=1000V
(@) ®)
B=1T
d=8cm

SLr=4em=0.04m

m=12
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- The accelerating potential is 1000 V, the
K.E. of the charged particle E, =1m9?
=qV =2x10""Cx 1000V
=2x107%J
= m9%' =4x10"J

..3 |
= 9=2x10 kg/-; m

Jm S

The magnetic force F_ on the particle

=B qg sin 90°

—] B q 3
2
Hence the centripetal force =Bqd
-
P eI TR
0.04m 5
2 "2
et 9 kg m/s
N
1x2%1077 x2x107° x004 n
= ms=
¥m 4x107° A.m
A.S.kg".m.m
; Snm
= Jm=4x107x10" x10°%kg"

m=16x10""kg =16 x10""kg

Note: In such problems qV = 5m92 , so that

9* =3'—\-’- - (1)
m
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Also

5 A2)

From (1) and (2)
Equating eqns (1) & (2)

2qV B’q’r’

m m?’

qur2
= m=
2V

Substituting the values of B, q, r and V with
proper units, the value of m is obtained from
(3).

Ex.5: Calculate the period of revolution of a
free electron moving in a plane normal toearth's
magnetic field of induction of 0.6 x 10 Tesla.

Soln.

«i3)

.

2 9
Since T= _gr_ and e9B= m°r :

We have from the two relations .

T, 2nrm
e Wk D T= e
3 B M "

Given B=0.6x 10°° Tesla. Then using standard
values of m_ande, i.e.(m_=9.1x 107 kg,e=
1.6 x 10"%coul), we have

_ . 2mx91x107'kg
1.6 107" coul x 0.6 x107°T

Ex.6: A beam of charged particles moves
undeflected when passed perpendicular to a
crossed electric and magnetic field of strength
600 V/m and 1.2 T respectively. Calculate the
velocity of the charged particles.

=596x107°S
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Soln.

Let the electric field be along X axis so_

that E = iE and the magnetic field be along Z
axis, so that B = kB.

Let the velocity of the charged particles
be § =99 (§ being unit vector along § )
The magnetic force F,, on the charged particles
of charge q = q(8 xB)

The electric force E on the charged particles =
qE

The panicies remain undeflected in the
crossed field

qE+q(8 xB)=0
= qE=-q(8xB)
= iE=—(8xk)9B

This shows that ; =-—§xfg and 3=§ i.e.

-~ 98=89 =—39 =-5003mfs

Ex.7: Two straight infinitely long and thin
parallel wires are spaced 10 cm apart and carry
a current of 10A each. Find the magnetic field
at a point distant 0.1 m from both wires when
the currents are in the same direction.

B,
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In Fig. (a) 1 and 2 represent the positions of the
straight conductors remaining perpendicular to
the plane of the diagram @. The symbol ©
denotes that the current direction in both of them
is upwards. d = 0.1 m = separation between
them. Point P is at distance 10 cm =0.1m from
both 1 and 2. The magnetic fields B, and B,
due to the two at P are shown in (a). Angle

between B, and B,= 60° from the geometry
of the diagram.

§=ﬁ' ‘|‘§z

and lﬁlz =B,[* +[B,[ +2|§,l.|ﬁzlcos 60°

- 1 =5
= 2|B,|2+2|B,|2.5=BIB,[
Bl- 43|
IB,|=—-— we have |B| J‘;:d

=43x2x 10"’ L
Am 0Im

The direction of B is parallel to the line
joining 1 and 2. In Fig. (b) the current (1) is

directed vertically upward () whereas current
(2) is directed vertically downwards <. Clearly
the magnetic fields B, and B, due to them are
as shown in Fig (b). Though |§,| = Iﬁ,
angle between them is now 120°. Then

, the

B =[B,[" + [

+2|§, |.|§2|005120°
S 2|§l|2 +2|§||2(-%)

= [Bf
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— - - I d
[Bi=|Ba|=%‘;-E =2x10 7%{)_(:_%
=2x10_5£,
m2

B in this case is directed perpendicular to the
line joining 1 and 2 at the midpoint in the plane
of the diagram.

Ex.8: The electron in the hydrogen atom circles
round the proton with a speed of 2.18x10° m/s
in an orbit of radius 5.3 x 10" m. Calculate the
magnetic field produced by it at the point where
the proton is located. Find the current in the
orbit.

Soln.

Since the electron moves round the proton
and is associated with a charge, it is equivalent
to a current.

q=|-¢|=16x10"coul.

and
2nr 2mx53x107"'m 17
"9 aeilmis 0 S,
- (-4 1.6x10™ coul
we have =t
. T 153x107"8
= 105x107°A

Magnetic field B at the centre of the
circular path

-3
= E: 2 x 1077 s x l.Ole?“A
2r Am 53x107"'m
= 12.45 Tesla.

Ex.9: Two infinitely long straight conductors
A and B are parallel to each other and are 50
cm apart. A and B carry currents of 6A and 4A

respectively in the same direction. Find a point

on the line joining the two wires where the net
magnetic field due to the two wires is zero.
Calculate the force per metre length of each wire,
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Soln.

A and B are the points where the two
wires carry currents in vertically upward
directions. AB = 0.5 m. P is the point where the
two fields due to the two wires cancel.

AP = x (say)
PB=0.5m-x
Then B, due to Ist wire at the point P

_ !’loll
T 2nx

and B, due to 2nd wire at the point P

“‘uI]
= 2n(05m-x)

B, +B,=0atP

8, = -,

uoll‘
2n(0.5m —x)

p‘nII =
2mx

[,(05m-x)=1I,x
6A(0.5m —x)=4A.x
3m—-6x = 4x

10x =3m

x=03m

b 4 U U

The force per meter length of each wire

- p‘alll2
- 2xS

_2x107 W 6Ax4A
Am 05m

=96x10%/m

Ex.10: A flat circular coil of 10 turns lies
horizontally where the horizontal component of



Magnetic Effect of Electric Current

the earth's magnetic field has a flux density of
2 x 107 W/m’. Calculate the torque acting on
the coil if it has a diameter of 20 cm and it carries
a current of 0.5A.

Soln.
The plane of the coil is horizontal,
it makes angle zero with the
horizontal component of the earth's
field :
0=0

Given N = 10,
I=35A

2 -5 W
B= 2 x lq ';f
and radiusr=10cm=0.1 m

'f\l =ar’ =314 x00Im*
=314x107m?

Torque T = NllﬁlB cos@

—10x5A x314x107m?
x2x 107 % cos0°
s m

=10° x 314 %107 x 10 mn
=3.14 x 10° mn.

Ex.11: A voltmeter reads full scale when it is
connected to a power source that is maintained
at a potential difference of 125 volts. When-a
33,750 ohm resistor is placed in series with the
voltmeter, its reading drops to 13.89 volts.
Calculate the resistance of the meter.

Soln.

Let the resistance of the original meter be
R,.and let ig be the current in it for full scale
deflection @ .
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Then 0 ai

= 0= Ki, D
Also iR, = 125 . -.(3)
When R = 33,750 Q) is connected in series with

’
Rv' we have deflection §' =K ig where ig' is
the new current in the meter.

o Ki, i
T )
g E
i’— 125
But ¢ TR +R
so that. i " (R, +R)=125 w(3)
me(3)and(5)
i R =i'(R, +R)
. ii- R,
i, R,+R (6)
From (4) and (6)
g _0_ R,
i, 0 R,+R
13.89 R,
= <
125 R,+R

— 13.89R, +1389R =125R,
= 1389R =(125-1389)R,
= 1389x33750=11111IR,

_ 33750 1389
11111

=4219.13Q
=4219 ohm.

= "Ry
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Ex.12: A moving coil galvanometer has a
resistance of 2.5 ohm and it gives full scale
deflection for a potential difference of 50 mV.
If the galvanometer is converted into an
ammeter with full scale deflection at 5 A,
calculate the current in the coil when it reads
4A.

Soln.

G =25 ohm
V=50x10°V=5x107V

Given

V_5x10? V
]’B -_——
G
=2x107A =002A
Let S be the shunt connected in parallel with
the galvanometer coil to convert it to ammeter
of range SA. Then
I1=5A
[=1-1=(5-002A=498A
1G=1S
B [

- 1,6 0024 x2.50hm
I, 4984

=001
When the ammeter reads 4A, let the current in
the coil be I'g. Then clearly

LG =@4-1;)S

S

= 25I;=4x001-001T,
= 2511;=004

1 =2%_o016a
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SUMMARY

A magnetic field is a region of space in
which a moving charge experiences a force in
addition to the electrostatic force of attraction
or repulsion, if any, on it.

The field vector characterizing the
magnetic field at any point is called magnetic
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induction B.
Magnetic force F,, on acharge g moving

with velocity § in the magnetic field B is given
by

E,=q(8 xB)

The magnitude of E, is given by
|Fm|=q|§| |§|sin9 where @ is the angle
between increasing directions of 9 and B

The direction of f"m is perpendicular to

the plane of 9 andB and is determined by
vector cross product rule.

If the region of space contains both the
magnetic field and the electric field total force
on a moving charge q is given by

f=qE +q(8 x B)

F is called the Lorentz force.

Magnetic flux ( ¢ ) of B through an area
A in the magnetic field is given by
6= B.A =BAcos® where g is the angle

between B and the direction of outwardly
drawn normal to A.

Thus B = ¢ and is therefore called
_ A cos
magnetic flux density.

Unit of B is newton/Amperc. meter =

n
A.m.

and called a Tesla (T) in S.I. system.

newton.metre _ n.m
Ampere A

it is calledu Weber (W) in S.I. system.
<+ 1. Tesla = 1 Weber per (metre)’ i.e.

W
T
) m2'

Unitof ¢ is and
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In C.G.S. electromagnetic units, units of B and ¢ are called Gauss and Maxwell respectively.
1 Gauss= 10 Tesla and 1 Maxwell =10® Weber.

The magnetic field produced by a current
i.e. (charges in motion) is given by Biol-Savart

Law, i.e. "The magnetic field dB produced by

acurrent length element 1d( at point P located
at a distance r from the element is given by

Idlix Tt
X

. :
dB = .:i where T is the position vector
nt _

of P with respect to ]JE and p, is the
permeability constant of free space having value

07 Tesla.metre .

4m x| B due to a long
Ampere
straight wire carrying current I at a distance s
fromitis givenby B = ;—ﬂlﬁ , where § is unit
s

vector perpendicular to the plane of the wire
and s.

B due to a circular coil, of radius 'a’ and
no. of tums N and carrying current I, at its centre

isgivenby B = “;—Nlﬁ where 11 is unit vector
a
directed along the axis of the coil.

B due to the same circular coil at any
point on its axis and located at distance Z from

: #

poNIa® .
2. 2R
2(a” +z°)"
A circular coil carrying current behaves
as a magnetic dipole. The dipole moment m

its centre is given by B =

associated with the coil is written as 7 = NIA |

where A =ma’fi =the face area of asingle tumn

of the coil and f is unit vector associated with
the area.

B at any point on the axis of a iong

solenoid carrying current I is given by
B = nli where n is the number of tums per

unit length of the solenoid and f , the unit vector
along its axis.

Ampere's circuital law states that

ﬁﬁ.&:poltm, i.e. "The trangential

component of B summed over the elements of
any closed path is equal to pi, times the totoal
current across the area within the path.
Lorentz force F on a moving charge g
is the total force experienced by the charge due

to the simulatneous presence of electric and
magnetic field in a region of space. It is given

by

F=F +.I_3m =qE+q(8 xB)
A charged particle of charge g, mass m and
moving in a uniform magnetic field B with

velocity § , describes a circular path of radius
r. The centripetal accn. of the particle is given

by i= Gl and the radius r is given by
m
m3
T=—-
gqB

The magnetic force on a straight
conductor of length ( and carrying current Iin
amagnetic field B is givenby E_ =1( xB).

Flemings' left hand rule gives a clue to
remember the direction of magnetic force on a
current carrying conductor. i.e. If the thumb, the
first finger and the middle finger of the left hand
are kept perpendicular to one another then they
point respectively the directions of magnetic
force, the magnetic field and the current
respectively. Two parallel and straight current
carrying conductors attract each other
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whereas the antiparallel ones repel. The
magnitude of the force of attraction or repulsion
per metre length of each conductor is given by
F= l‘TITg where I, and I, are the currents in the
wires and S, the separation between them.

One ampere of current is defined as that
current which when maintained in two very long
and straight parallel conductors separated by a
metre, makes them attract each other by a force
of 2 x 107 newton per metre.

If a loop of wire of area A carries current
I and is suspended or pivoted freely in a uniform
magnetic field B, it experiences a torque T
given by t1=NIABcos0, where ¢ is the
orientation of the coil with the direction of B.
Vectorially T =NIA(f x B), where i is the
direction of unit vector normal to the area A of
the coil.

A moving coil galvanometer is a device
commonly used to detect current in an electric
circuit. It is made on the principle that a freely
suspended or pivoted current carrying coil

experience a torque in a magnetic field and gets -

deflected.

Bureau's Higher Secondary Physics

The deflection ¢ is givenby 0 = Egﬁ.

where C is the couple per unit twist of the coil.

A galvanometer is converted to an
ammeter by connecting a low resistance S of
suitable value in parallel with the galvanometer

I y
Ig , where G is the

G
coil. S is given by S= :
g

resistance of the galvanometer and I, the current
in it. An ammeter is used to measure current
and is connected in series with the circuit. It is a
low resistance instrument.

A galvanometer is converted to a
voltmeter of range V by connecting a high
resistance R, of suitable value in series with the

galvanometer coil. R is given by

Ry, = Y—m =G | the symbols having their usual
g

meaning, given earlier. A voltmeter measures

potential difference between two points in a

circuit and is connected in parallel with the

circuit between the points. It is a high resistance

instrument.
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MODEL QUESTIONS .

Multiple Choice Type Questions :

The magnetic force F,, per unit charge
which moves with a velocity 9 ina

magnetic field B is expressed by

a) E, =(8.B)
b) F, =(8 xB)
y B =/« &
d) szl(ﬁxé)
q

The S.1. unit of magnetic flux density is

called
a) Weber b) Tesla
d) Gauss

(Newton.meter) per ampere is the unit of

¢) Maxwell

a) magnetic induction

b) magnetic susceptibility
¢) magnetic permeability
d) magnetic flux

The dimension of magnetic induction is
wrilten as

a) M'LPTZ A"
b) M' L' T? A
) M'L2T2 A"
d) M'L°T? A
Two conducting circular coils have radii
of 5 ¢m and 10 cm respectively. The coil
having radius 5 cm has 50 number of tums
and carries a current of 2 amperes. The
other one has 100 number of turns and

carries a current of 0.5 ampere. The ratio
of the magnetic field produced by the first

coil at its centre to that produced by the
second one at its centre is

a) l:2 b) 1:1

c) 2:1 d) 4:1

A long straight conductor of negligible
radius carries a current of 1A and is
directed along Z axis. The magnetic field
B produced by it at a distance of Im on
the +Y axis is

a) 4 x 107 Tesla along + X direction
b) 2x 107 Tesla along + X direction
¢) 4 x 107 Tesla along - X direction
d) 2 x 107 Tesla along - X direction

A long straight solid metal wire of radius
4 mm carries a current uniformly
distributed over its circular cross section.
If the magnetic induction at any point on
its surface is B, then the same at any point
at a distance 2mm from its centre will be

a) B/2 b) B
¢) 2B d) 4B

A solenoid of radius r= 5cm has a length
of 2 metres. If the number of turns on the
solenoid is 1000 and it carries a current
of 1 ampere, the magnetic field at its
midpoint is nearly

a) 2 x 107 7 tesla
b) 4 x 107 1 tesla
c) 4% 10*x tesla

d) 2x 10* =« tesla
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10.

11.

12.

13.

A charged particle having velocity 9 is

projected into a magnetic field B at an
angle @ with it. The path described by
the particle in the field will be

a) straight b) circular

¢) helical d) elliptical

A charged particle of charge q and mass
m moves with a velocity 9 inamagnetic

field B in a circular path of radius r. If
the same particle is projected with a

velocity 2 § into a magnetic field 2B in
such a way that it moves in a circular path
of radius r’, then

a) r'=r/2

c)r'=2r

b) t'=r
d) r'=4r

A current carrying coil of area A is freely
suspended in a magnetic field of induction
B. The torque experienced by the coil is
maximum when the plane of the coil

makes an angle © with the direction of B
where 0 is equal to

a) 0° b) 45°
¢) 60° d) 90°

A coil of 100 turns carries a current of
1A and is freely suspended in a magnetic
field of induction 0.5 tesla. If the face area
of the eoil is 0.2 m*, the magnetic moment
associated with the coil has value

a) 50S.Lunits  b) 40S.L units
¢) 20S.Lunits  d) 10S.1 units

A moving electron enters normally into a
uniform magnetic field; its

a) direction of motion'will change
b) speed will increase ~
c) speed will decrease

d) vélog?ty will remain the same.

14.

15.

16.

17.

Bureau's Higher Secondary Physics

The deflection of a galvanometer falls
from 50 divisions to 20 divisions when a
12 ohm shunt is applied. Assuming the
circuit resistance R to be much greater
than G, the value of G is

b) 24 ohm
d) 36 ohm
(Orissa M.B.B.S.E.E. 1984)

a) 18 ohm
¢) 30 ohm

In a magnetic field acting along X-axis, a
conductor carries a current along the Y
axis. The force experienced by the
conductor is along

a_) the +ve Z-axis
b) the -ve Z-axis
¢) the -ve X-axis
d) the -ve Y-axis
(Orissa M.B.B.S.E.E., 1990)

A charge of 10 p coul. enters a uniform
magnetic field parallelto its direction. The
charge will

a) perform circular motion in a plane
perpendicular to the field.

b) perform circular motion in a plane
parallel to the field..

¢) continue to move with acceleration.

d) move undeviated with constant
velocity.

(Orissa M.B.B.S.E.E., 1992)

For conversion of a Galvanometer into
an ammeter, one should use

a) ahigh resistance in series
b) *a high resistance in parallel
¢) alow resistance in series

d) alow resistance in parallel
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18.

19

21.

22.

A galvanometer has a resistance of 55
ohm. It gives full scale deflection for a
current of 10 miliampere. To convert itto
an ammeter of range one ampere, the
resistance to be connected across it is

a) 0.555 Q b) 5.55Q
¢) 55.5Q d) 5550

A circular coil has radius R and it carries
a current so that the magnetic field
produced at its centre is B. The magnetic
field at a distance of R3 from its centre
on its axis is

a) B/2 b) B/3

c) B/4 d) B/8

A beam of charged particles is made to
pass through a magnetic field. The work
done on the beam by the field is

a) zero

b) dependent on the speed of the beam

¢) dependent on th deflection of the
beam

d) dependent on the value of the field.

Two particles X and Y have equal
charges. After being accelerated through

the same potential difference, both enter

aregion of uniform magnetic field B and
describe circular paths of radii R, and R,
respectively. The ratio of the mass of X
to that of Y is

a) R,/R,) b) (R, /R,)"
¢) ®,/R,) ¢) (R, /R,
(IIT, 1988)

The direction of force due to earth's
magnetic field on a wire carrying current
vertically downward is

a) horizontally towards north

b) horizontally towards east

¢) horizontally towards south

d) horizontally towards west.

23.

24,

25.

27.

@) 2nirB
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A direct current I is maintained through
an infinitely long and straight thin walled
tube. The magnetic induction at any point
inside the tube at a distance r metres from
its axis is
a) zero b) infinite
ol Kol
2r 9 2nr

c)

A proton and an alpha particle enter a
uniform magnetic field with the same
velocity. The period of rotation of the o.-
particle will be

a) four times that of the proton
b) two times that of the proton
c¢) same as that of the proton
d) half of that of the proton

Two thin long parallel wires separated by
a distance b are carrying a current i amp
each. The magnitude of the force per unit
length exerted by one wire on the other is
i’ . gy Kol
b 2nb

a)

Mol
. 2nb?
(LLT.EE. 86)
A conducting circular loop of radius r
carries a constant current i. It is placed in
a uniform magnetic field B such that B is
perpendicular to the plane of the loop. The
magenetic force acting on the loop is

b) nirB

d) zero

Mol
27b

c) d)

c)irB

The time rate of work done by a magnetic
field on a charged particle moving on a
helical path is

a) qB b

b) qB/v
¢) qB v ' :

d) mm.
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10.

11.

12;

13.

14,

15.

Very Short Type Questions :
Define a tesla.
Define a weber.

Draw the magnetic lines of induction due
to a conductor carrying current in the
upward direction. -

Sketch acurve to show how the magnetic
flux density near a straight conductor
carrying current, varies with distance
away from the current.

The number of turns and the radius of a
flat circular coil carrying current are both

doubled. What happens to the original
magnetic field produced at its centre?

Write down Biot-Savart law in vector
form.

Why are concave shaped pole pieces used
in a moving coil galvanometer ?

How is an ammeter connected in a

circuit ?

Is the resistance of a voltmeter high or low ?

A stream of protons moves parallel to a
stream of electrons. Do they tend to come
closer or move apart ?

Under what condition a charged particle
moving through a magnetic field

‘experiences no force ?

A charged particle moves through a
magnetic field in a direction perpendicular
to the lines of force. Is there any change
in (a) its energy ? (b) its momentum ?

Mention the use of an ammeter.
(CHSE, 1985)

Is the magnetic field at the centre of a
current carrying circular coil parallel to
its plane ? . (CHSE, 1987)

What should be done to convert a

_ galvanometer into an ammeter 7

(CHSE, 1987, 1991)

16.

17.

18.

19,
20.

22,
23,

24

25.

26.
27,

28.

29.

30.

Bureau's Higher Secondary Physics

Which of the following radiations are not
deflected by a magnetic field ? (i) o -ray,
(ii) p-ray, (iii) ¥ -ray.  (CHSE, 1988)

How do two parallel wires carrying
current in opposite directions influence
each other ?

What is the nature of force between two
parallel currents ? (CHSE, 1996)

What is Lorentz force ?

Under which condition is the Lorentz
force on a charged particle moving in a
combined electric and magnetic field

2
Zero . s

Does the magnetic field inside a current
carrying solenoid vary from point to

point ?
State Fleming's Left hand rule.

Define current sensitivity of a
galvanometer.

‘How is radial magnetic field achicved in

amoving coil galvanometer ?

Write down the mathematical form of the
magnetic moment associated with a
current carrying coil. Explain the
symbols.

Write the dimension of magnetic moment.

The distance between two parallel currents
is reduced to half of the original value.
What happens to the force between them ?

What is the work done on a charged particle
moving in a uniform magnetic field ?

A charged particle moves in a direction
that makes an angle 6 with the direction
of a uniform magnetic field. Meation the
natyre of path described by the particle ?

Sketch the curve showing the variation
of magnetic field produced by a circular
current carrying coil with distance from
its centre along its axis.
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31.

32.

33.

34.

35.

37.

38.

Ohv W & o= )

Is B constant in magnitude for points that
lie on a given line of induction ?

A beam of 20 Mev protons emerges from
acyclotron. Is amagnetic field associated
with these particles ?

Sketch the curve to show how magnetic
flux density near a long, straight current
varies with the distance away from the
current.

What physical quantity has the unit Wb/
m* ? [s it a scalar or vector quantity ?

[CBSE 2004]
Sketch the magnetic field lines for a
current carrying circular loop.

[CBSE 2007, A.1 2006]

The magnetic force on a moving charged
particle is F = Q(:x EJ . which two pairs
of the vectors g v, p. are always |
perpendicular to each other ?

[CBSE 1998]

What will be the path of a charged
particle moving along the direction of a
uniform magnetic field ? [CBSE 2005]

Under what condition is the force acting
on a charge moving through a uniform
magnetic field is minimum ?

[CBSE Al 2005]
Short Answer Type Questions :
Show that 1 tesla = 10* gauss.
Show that | weber = 10* maxwell
Define an 'ampere’.
State and explain right hand rule.
Explain why like currents attract.

A current is sent through a helical spring
and it appears to be compressed. Explain.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
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Distinguish between the deflections of a
charged particle in electric and magnetic
fields.

An electron moves in a region of space
but is not deflected. What type of field,
electric or magnetic, may be present in
the space ? Explain your answer.

Two long wires are hanging freely and
are parallel to each other. The two are
connected in series to a battery. What
happens and why ?

The two long parallel wires are hanging
freely and are connected in parallel to a
battery. What happens and why ?

Two concentric circular loops of wire of
radii r, and r, carry currents in the same
direction. Explain the nature of force on

the inner loop. Givenr, >r,.

A flexible wire is wrapped loosely around
a strong magnet. Explain what will
happen when a heavy current is
maintained in the wire.

Why should an ammeter have low
resistance whereas a voltmeter have high
resistance ?

Distinguish between an ammeter and a
voltmeter.

Explain the meaning of magnetic
moment. Write down the-mathematical
expression of the same for a current
carrying coil.

How is a galvanometer converted o a
voltmeter ? :

How is a galvanometer converted to an
ammeter ?

Mention the necessity of radial magnetic
field in making a galvanometer. How is
it achieved 7

State and explain Ampere's c_:iréui:al law.

State and explain Biot-Savart law.
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21.

22.

23.

24.

25.

26.

27.

28.

30.

A cable carrying a direct current is buried
in a wall that stands in a north-south plane.
On the west side of the wall a horizontal
compass needle points south instead of
north. What are (a) the position of the
cable and (b) the direction of current in
the cable.

A stream of electrons. is projected
horizontally towards right. A magnet
brought near the electron beam produces
afield directed downward. Explain what
happens.

What sort of path will electrically charged
particles follow if they are initially moving
at right angles to a uniform flux density
in vaccum? Will such particles experience
an energy change during this motion ?
Explain briefly,

* Why are magnetic fields used in many

machines designed to accelerate charged
particles to high energy ?

In what respects are the actions of a
galvanometer and a motor similar ?

An ammeter and a voltmeter of suitable
ranges are fo be used to measure the

current and voltage of an electric lamp. If

a mistake were made and the meters are
interchanged what will happen? Explain.

Plot a curve to show the variation of the
torque on a coil in a magnetic field as the
plane of the coil is rotated with respect to
the field.

In electronics, wires that carry equal but
opposite currents are often twisted
together to reduce their magnetic effect
at distance points. Why is this effective ?

What is the basis of saying that a current
loop behaves as a magnetic dipole ?

Explain.

State some of the reasons why it is a
disadvantage to use a galvanometer
which has too high seénsitivity for the
purpose in question. ' '

31.

32,

33.

34.

35.

Bureau's Higher Secondary Physics

An electron is moving along the positive
X-axis in the presence of uniform
magnetic field along Y-axis. What is the
direction of force acting on it ?

[CBSE Al 2007]

‘How will the magnetic field intensity at

the centre of a circular coil carrying

current change if the current through the
coil is doubled and the.radius of the coil
is halved ? [CBSE 2002]

Which one of the following will experience
maximum force when projected with the
same velocity V perpendiculartothe

magnetic field B .(i) o« -particle and (ii) 8-
particle. [CBSE 2002C]

An ammeter and a miliammeter are
converted from the same galvanometer.
Out of the two which current measuring
instrument has a higher resistance ?

[CBSE Al 2006, 2002]
A current is set up in a copper pipe. Is
there a megnetic field (i) inside and
(ii)outside the pipe 7 [CBSE Al 1995]

Long Answer Type Questions :

State and explain Biot-Savart law and

hence obtain an expression for the
magneétic induction produced by an-
infinitely long straight conductor at any
point nearit. (CHSE, 1994)
Explain Biot-Savart law and apply it to
obtain the magnetic induction at the centre
of a circular coil carrying current.
(CHSE, 1996)
Deduce an expression for the magnetic flux
density at any point on the axis of a circular
coil carrying current due to the coil.
A charged particle moves in a plane
perpendicular to a uniform magnetic field.
Show that the path of the particle is a
circle. Obtain an expression for the radius
of the orbit and the time period of
revolution of the particle.
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5t

10.

11.

12,

13,

14.

A current | is maintained in a conductor
of length ¢ which is placed in a uniform
magnetic field. Find an expression for the
magnetic force experienced by the
conductor.

Obtain an expression for the force
between two straight, parallel conductors

carrying currents in the same direction.

Hence obtain the definition of an 'ampere’.
Explain Lorentz force experienced by a
moving charged particle. Find the
condition under which the Lorentz force
on a charged particle moving in a
combined electric and magnetic field is
zero.

Show that a current carrying loop is
equivalent to a magnet. Obtain an
expression for the magnetic moment of
the loop in terms of the loop parameters.

Obtain an expression for the magnetic -

force between two moving charged
particles. Compare it with the electrostatic
force between two charges when these

are static.

Obtain an expression for the torque

experienced by a freely suspended current

carrying loop in a uniform magnetic field.
Mention the factors on which the torque
depends.

Give the principle of construction and
working of a moving coil galvanometer.
Can a galvanometer be used to measure
current 7 Explain your answer.

Describe the construction and working of
an ammeter. How is an ammeter
connected in a circuit and why ?

Describe the construction and working of
avoltmeter. How 1s a voltmieter connected

inacircuit ? Explain.

Give the principle of construction and
working of an ammeter. How is its range

15.

16.

i

18.

19.

20.
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changed ? Explain with necessary
mathematical equations.

Discuss how a moving coil galvanometeris
converted into a voltmeter of different ranges.
Give the principle of construction of a

dead beat type galvanometer. Explain
galvanometer sensitivity.

A beam of +vely charged particles moves
vertically upwards and another beam of
-vely charged particles moves vertically
downwards. Do the two beams attract or
repel. Explain with necessary
mathematical equations.

"Helmholtz coils" consist of two'large,
flat, circular coils mounted with a conimon
axis and at a distance apart equal to their
common radius. Show that this
arrangement produces a uniform
magnetic flux density overasmall space
midway between the coils. Derive an
equation for this flux density when the
coils have the same currents in the

directions to produce additive effects.

Derive the formula that gives the resistance
necessary toincrease N-fold the range of
a voltmeter. Obtain similar formuli for the
resistance of the shunt required to increase
N-fold the range of an ammeter.

A tangent galvanometer consists of a flat
circular coil of a few turns N and radius
r. The coil is placed with its plane parallel
to the horizontal component of the c:th's
magnetic field of flux density . A small
compass needle mounted at the centre of
the coil is deflected through ¢ when there
is a current I in the coil. Show that

BNl pvnd.
Ir .

Numerical Problems :

Calculate the magnetic induction ut the
centre of a flat circular coil of 100 turns
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of wire and 1.52 cm radius that carries a
current of 6.28 A. Show by a sketch the
direction of this field. : .

A flat circular coil of 120 turns has a

* radius of 18cm and carries a current of 3.

amperes. Find the magnitude and
direction of the flux density at a pointon
the axis of the coil at a distance from the
centre equal tot he radius of the coil.

.~ An alphaparticle describes a circle of

radius 0.49 m in a uniform magnetic field
of induction 0.6 Tesla. Assuming that the
velocity of the particle is perpendicular
to the field, calculate its speed and kinetic
energy. (m_ = 1.67 x 1077 ke)

The electron in the hydrogen atom circles
round the proton with a speed of 2.18 x
10° m/s in an orbit of radius 5.3 x 10" m.
Calculate the magnitude of the magnetic
field produced by 1t at the nucleus and
find its frequency and the current in the
orbit. '

Copper has 8 x 10* conduction electrons
percubic meter. A one metre long copper
wire having 8 x 10" m® cross sectional
area carries a current in it and hies at right
angle to a magnetic field of strength 0.05
tesla. If the force on the wire is 0.8
newton, find the drift speed of free
electrons in the wire. '

A horizontal wire of length 0.1 m carries
acurrent of SA. Calculate the magnitude
and direction of the magnetic field which
can support the weight of the wire.
Assume that the mass per metre length of

the wire is 3 x 107 kg.

Two long parallel wires each carrying a
current of 10A and separated by 4 cm, lie
in a vertical plane. Find the magnitude and
direction of the magnetic field at a point
lying at 4 cm to the left of the first wire
on the line joining the fwo wifres in a
horizontal plane.

Bureau's Higher Secondary Physics

Two long wires ¢ach carrying a current

of 0.5A are directed along x and y axes
respectively. If the wires are well insulated
from each other and intersect at a point O
in the xy plane, find the magnitude and

- direction of the force on a length element

10.

1.

12.

13:

14.

of 0.2 cm of the wire lying along x axis,
the element being at a distance of 10 cm
form O.

A long vertical wire carrying a current of
10A in the upward direction is pl'a'ced in
aregion where a horizontal magnetic field
of 2 x 107 tesla exists from south to north.
Locate the point where the resultant
magnetic field is zero.

An electron makes 3 x 10° revolutions
per second in a circle of radius 0.5
angstrom. Find the magnetic field B at the
centre of the circle.

A semi circular wire of radius 10 cm-
carries a current of 5 amperes: Calculate
the magnetic field due to it at the centre
of the circle.

A long cylindrical wire of radius 2.5 mm
carries acurrent of 1A distributed uniformly
over its cross secfion. Find the magnitude
of the magnetic field at a point inside the
wite at a distance of 1mm from the axis.

A long solenoid has closely wound turns
such that the successive turns nearly touch
each other but are well insulated. If the

~ wire used in the solenoid has a radius of

0.5 mm find the magnetic field at the
centre of the solenoid when it carries a
current of SA.

A magnetic field of 4 x 107k teslaexerts
a force of (4i +3])x10~'"newton on a
particle having a charge of 10”? coulomb
in the XY plane. Find the velocity of the
particle.



Magnetic Effect of Eledﬂc Current

15.

16.

17,

18.

19.

20,

A rectangular coil of 100 tums and of

length 5 ¢m and width 4 cm is suspended

in a uniform magnetic field with its plane
parallel to the field. A torque of 0.2 m.n
acts on the coil when a currentof 0.2A is

~ maintained in it. Find the magnitude of

the magnelic field.

A moving coil galvanometer has a
resistance of, 30 ohms through which a
curent of 1 mA flows. Find the value of
the multiplier resistance to be used with
the galvanometer to convert it 1o a voltmeter
of range (a) 2.5 volts, (b) 10 volts.

A rigidly supported long horizontal wire
carries a current 1. of 100 A. Directly
above it and parallel to it is a fine wire

. that carries a current J, of 20A and weighs

0.073 n/m. How farabovc the lower wire
should this second wire be strung so that
it may be supported by magnetic
repulsion ? (Assume the diameter of the
wirestobe small).

Two parallel wires separated by 2m carry
currents of 3A each in opposite directions.
Find the magnetic induction for points
between the wires and at a distance 50cm
from each wire. _

In the Bohr model of hydrogen atom the

electron circulates around the nucleus in

a path of radius 5.1 x 10" m at a
frequency of 6.8 x 10" rev/Sec. Find the
magnetic induction at the centre of the
orbit. Calculate the equivalent magnetic
dipole moment.

A straight wire segment of length ( carries
a current I. Show that the field of

induction B due to it at a distance R from
the segment along a perpendicular
bisectoris gwcn in magnitude by

2nR (Cz +4R2)£

2].

24.

26.

27,
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Calculate the same for I = 1A, (= 1m
and R = 1m.

A 25 win rectangular coil 12 by 15 cm is

placed with its plane parallel to a flux density
of 0.004 W/m?. Calculate the torque
produced in it for current of 400 mA when
the 12 cmside is parallel to the flux density.
Will the torque be different if the same side
is perpendicularto the flux density 7.

A 50 mili voltmeter has a resistance of 5
ohms. A multiplier has been inserted to
produce a voltmeter of range 3 volts. How
can multiplier be modified so that the new
meter will have arange of 15 volte?

A galvanometer of resistance 12 ohm
gives full scale deflection for a current of
2.5 mA. How will you convert it to an
ammeter of range 7.5A. Find the
resistance of the ammeter.

A portable galvanometer gives full scale
deflection for a current of | mA. With a
resistance of 9900 ohm in series with its
coil it can measure potential diff. upto 10
volts. Find the resistance of the
galvanometer. How can you convertitto
an ammeter of 10 mA range ?

A galvanometer of resistance 50Q

produces full scale deflection by a current
of 0.15A. Determine the value of the
shunt required to make it an ammeter of
range (i) 1.5 A and (i1) SA.

A uniform magnetic field B of magnitude
1.2 mT points vertically upward
throughout the volume of a laboratory
chamber. A proton with kinetic energy
5.3 Mev enters the chamber moving
horizontally from south to north. Find the
magnetic deflecting force acting on the
proton as it enters the chamber. What
acceleration is produced in the proton ?

“The proton mass is 1.67 x 10-27 kg.

A Helmholtz coil consists of two thin, flat
co-axial coils separated by a distance
equal to half the radius of each coil.
Compare the magnetic field induction at
the centre of each coil with that produced
at the mid point of the axis and show that
inside the Helmcholtz coil the field is
almost uniform.
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28.

29.

30.

Find the magnetic field at the centre
of asqure of side ‘a’ carrying current
[ amp. [CBSE 1994]
A semi circular arc of radius 20 cm
carries a current of 10 A. calculate the
magnetic field at the centre of the arc.
[CBSE 2002]
Two small identcal circular loops,
marked (1) and (2), carrying equal cur
rents, are placed with the geometrical
axes perpendicular to each other as
shown in the figure. Find the magnetude
and direction of the magnetic field pro-
duced at the point O. [CBSE2008, 05]

x

Answer as directed:

Is there any change in the energy of a
charged particle moving in a magnetic
field although a force is actingon it ?
Anelectron is travelling horizontally
towards west. A magnetic field acts in
vertically downward direction. The force

Bureau's Higher Secondary Physics

on the on the electron is in the direction of

The torque acting on current carrying

coil is zero if the plane of the coil is

to the lines of induction.

Will a voltmeter be damaged, if it is

connected in series to an electric cir

cuit 7 (Yes/No)

A voltmeter always gives lower value

of P.D. why ?

For a moving coil galvanometer, when

the current through the coil will be di-

rectly proportional to its deflection ?

Two charges q, and q, move with equal

speeds g parallelto each other. What

is the ratio of the magnetic and electri

cal forces between them ?

If a long copper rod carries a direct

current, the magnetic field associated

with the current will be both inside and

outside the rod-(Tru/False)

What is the unit pole-strength 7 |

A neutron entersa magnetic field of

strength B (tesla), perpendiculars to

the magnetic lines of force, with speed

9. What is the force on the neutron ?
|

Correct the following sentenced:

S.1 unit of magnetic lines of force is

Maxwell.

1 weber= 10" maxwell.

1 tesla=10° gauss.

The magnetic field at the centre of a

circular coil of radius a, carrying cur

rentl, is givenas B= pgl/4na.

The magnetic field due to an infinitely

long straight current is givenis B=

pol/4nd . -

Fleming’s right hand rule gives the direc-

tion of magnetic force on the conductor

due to a current.

A galvanometer is converted to an am

meter by connecting a suitable small

resistance in series with it.
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ANSWERS

%

Multiple Choice Type Questions :

1.
9.

® 2 ® 3 @ 4 @ 5 @ 6 @ 7
¢ 10. by 1. (@ 12. () 13. () 14. (@) 15,

17. (@ 18. (@ 19. (&) 20. (@ 21 (d) 22. (o) 23.
25. b) 26, (d) 27. (d)

@ 8 @
(b) 16.(d)
@ 24.(b)

Numerical Problems :
1. 0.026 Tesla. Dirn. is along the axis of the coil.
2. B=44x 10" Weber/m? Dim. is along the axis of the coil.
3. 9 =14x10"mws E =654x 10}
4, B=124T,f=65x10"Hz,1=105x 107 A
5. 1.56x 10" m/s
6. |B|=588x10°T, Ifdim.ofcharge flow is from West to East the direction of B
is from South to North in the horizontal plane.
7. B =0.375x 1074 (- _l ) Tesla if line joining 1 to 2 is along i
5 x 107 n along y direction 9. 1 mm westto the wire.
10. 6x 10T 1. 16x10°T '
12. 32x10°T 13. 2n x 107 T
14. (-75i+100j)m /s 15. 05T
16. (a)2470 ohms, (b)9970 ohm 17. 5.5mm
18. 7 x 107 W/m? in each case 19. 14 W/m?, 9 x 10 Am?
20. ‘9 x 10% T nearly 21. 7.2x 10* mn, No.
22. By additing 1.2 x 10° ohm in series with the original coil of the meter.
23. Resistant of shunt4 x 10 ohm, R, =4 x 10°Q
24. G=1009Q, By connecting a shunt of resistance 0.09 ohm.
25. (i) 5.5 ohm (ii) 1.55Q
2%, =6.1x 103 newton a=37x 102 m/s?
27. B,= Elj—:lumsm B, = 0.9130."-2'.‘—1, E-‘;'—=l.0644
28.  2J2p4l/ma, 29. 157x10°T, 30 B=Tug/dm)lev2uoiars?)

(1)No change (2) North (3) Perpendicular (4) No. (5) (Tt takes some current for its own deflection

(6) The magnetic field should be radial (7) 7° / ¢* (8) True (9) amp-m. (10) zero




