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FOREWORD 

It has been pleasure for me to follow the progress Er. Ashish Arora has made in teaching and professional career. In the last about 
two decades he has actively contributed in developing several new techniques for teaching & learning of Physics and driven 
important contribution to Science domain through nurturing young students and budding scientists. Physics Galaxy is one such 
example ofnumerous effurts he has undertaken. 

The Physics Galaxy series_provides a good coverage of various topics of Mechanics, Thermodynamics and Waves, Optics & 
Modern Physics and Electricity & Magnetism through dedicated volumes. It would be an important resource for students 
appearing in competitive examination for seeking admission in engineering and medical streams. "E-version" of the book is also 
being launched to allow easy access to all. 

After release of physics galaxymobile app on both iOS and Android platforms it has now become very easy and on the go access 
to the online video lectures by Ashish Arora to all students and the most creditable and appreciable thing about mobile app is that 
it is free for everyone so that anytime anyone can refer to the high quality content of physics for routine school curriculum as well 
as competitive preparation along with this book. 

The structure of book is logical and the presentation is innovative. Importantly the book covers some of the concepts on the basis 
ofrealistic experiments and examples. The book has been written in an informal style to help students learn faster and more 
interactively with better diagrams and visual appeal of the content. Each chapter has variety of theoretical and numerical 
problems to test the knowledge acquired by students. The book also includes solution to all practice exercises with several new 
illustrations and problems for deeper learning. 

I am sure the book will widen the horizons of knowledge in Physics and will be found very useful by the students for developing 
in-depth understanding of the subject. 

Prof. Sandeep Sancheti 
Ph. D. (U.K), B.Tech. FIETE, MJEEE 
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PREFACE 

For a science student, Physics is the most important subject, unlike to other subjects it requires logical reasoning and high 
imagination of brain. Without improving the level _of physics it is very difficult to achieve a goal in the present age of competitions. 

To score better, one does not require hard working at least in physics. It just requires a simple understanding and approach to 
think a physical situation. Actuallyphysics is the surrounding of our everyday life. All the six parts of general physics-Mechanics, 
Heat, Sound, Light, Electromagnetism and Modern Physics are the constituents of our surroundings. If you wish to make the 

concepts of physics strong, you should try to understand core concepts of physics in practical approach rather than theoretical. 
Whenever you try to solve a physics problem, first create a hypothetical approach rather than theoretical. Whenever you try to 
solve a physics problem, first create a hypothetical world in your imagination about the problem and try to think psychologically, 
what the next step should be, the best answer would be given by your brain psychology. For making physics strong in all respects 

and you should try to merge and understand all the concepts with the brain psychologically. 

The book PHYSICS GALAXY is designed in a totally different and friendly approach to develop the physics concepts 
psychologically. The book is presented in four volumes, which covers almost all the core branches of general physics. First 
volume covers Mechanics. It is the most important part of physics. The things you will learn in this book will form a major 
foundation for understanding of other sections of physics as mechanics is used in all other branches of physics as a core 
fundamental. In this book every part of mechanics is explained in a simple and interactive experimental way. The book is divided 
in seven major chapters, covering the complete kinematics and dynamics of bodies with both translational and rotational motion 

then gravitation and complete fluid statics and dynamics is covered with several applications. 

The best way of understanding.physics is the experiments and this methodology I am using in my lectures and I found that it 

helps students a lot in concept visualization. In this book I have tried to translate the things as I.used in lectures. After every 
important section there are several solved examples included with simple and interactive explanations. It might help a student in 
a way that the student does not require to consult any thing with the teacher. Everything is self explanatory and in simple 

language. 

One important factor in preparation of physics I wish to highlight that most of the student after reading the theory of a concept 

start working out the numerical problems. This is not the efficient way of developing concepts in brain. To get the maximum 
benefit of the book students should read carefully the whole chapter at least three or four times with all the illustrative examples 

and with more stress on some illustrative examples included in the chapter. Practice exercises included after every theory section 
in each chapter is for the purpose of in-depth understanding of the applications of concepts covered. Illustrative examples are 
explaining some theoretical concept in the form of an example. After a thorough reading of the chapter students can start thinking 

on discussion questions and start working on numerical problems. 

Exercises given at the end of each chapter are for circulation of all the concepts in mind. There are two sections, first is the 

discussion questions, which are theoretical and help in understanding the concepts at root level. Second section is of conceptual 
MCQs which helps in enhancing the theoretical thinking of students and building logical skills in the chapter. Third section of 

numerical MCQs helps in the developing scientific and analytical application of concepts. Fourth section of advance MCQs with 
one or more options correct type questions is for developing advance and comprehensive thoughts. Last section is the Unsolved 
Numerical Problems which includes some simple problems and some tough problems which require the building fundamentals of 
physics from basics to advance level problems which are useful in preparation ofNSEP, INPhO or !Ph 0. 

In this second edition of the book I have included the solutions to all practice exercises, conceptual, numerical and advance 
MCQs to support students who are dependent on their self study and not getting access to teachers for their preparation. 

This book has taken a shape jnst because of motivational inspiration by my mother 20 years ago when I just thought to write 
something for my students. She always moiivated and was on my side whenever I thought to develop some new learning 

methodology for my students. 
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I don't have words for my best friend mywifeAnuja for always being together with me to complete this book in the unique style 
and format. 

I would like to pay my gratitude to Sh. Dayasbankar Prajapati in assisting me to complete the task in Design Labs of 
PHYSICSGALAXY.COM and presenting the book in totallynewformat of second edition. 

At last bot the most important person, my father who has devoted bis valuable time to finally present the book in such a format 
and a simple language, thanks is a very small word for his dedication in this book. 

In this second edition I have tried my best to make this book error free but owing to the nature of work, inadvertently, there is 
possibility of errors left untouched. I shall be grateful to the readers, if they point out me regarding errors and oblige me by giving 
their valuable and constructive suggestions via emails for further improvement of the book. 

Ashish Arora 

PHYSICSGALAXY.COM 
B-80, Model Town, Ma/viya Nagar, Jaipur-302017 

e-mails: ashisharora@physicsgalaxy.com 
ashashl2345@gmail.com 
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Magnetic Effects of Current & Magnetism 4 
FEW WORDS FOR STUDENTS 

First time playing with magnets is always a fim for every child. Wit!, age every011e gets aware t!,at 

magnets !,ave two poles, designated as north and sollt/, poles. All of you might have seen a compass used 

by travellers for tl,e pmpose of navigation. 111 ancient times compass was tl,e only tool available for 

determini11g the directions. TJ,e 11eedle ofsuc/1 a compass is a small, tl,i11 magnet. Magnets and magnetic 

effects are very i111po11a11t in 1liffere11t industrial applications as well as t/,ese are very important in 

1111derslm11li11g 1111111y 1111t11ral a111I lab phenome11011 relt,ted to magnetism. Even many birds use tl,e 

magnetic field ofE11rth for 1wvig11tio11 along with 1/irectiol!s from the location of Sun and ~·tars d111·i11g 

long tlist1111ce migmtions. This wl,ole cl,apter is co1•ering effects and pl,e11omenon of magnetism to 

strengthen 1111tlerst11mling of this topic to a decent level. 

CHAPTER CONTENTS 
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4.5 
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Biot Savart's Law 

Magnetic Induction due to different Current 
Carrying Conductors Configurations 

Magnetic Induction due to Extended Current 
Configurations 
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Magnetic Force 011 Current Carrying 
Conductors 

4.7 Motion of a Charged Particle in 
Electromagnetic Field 

COVER APPLICATION 
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Moving 

coil 

4.8 

4.9 

4.10 

4.11 

4.12 

A Closed Current Carryillg Coil placed in 
Magnetic Field 

Relation in Magnetic JI-Ioment and Angular 
Momentum of1111iformly ch11rged and uniform 
dense rotatillg bodies 

M11g11etic Pressure and Field Energy of 
Magnetic Field 

Classical Magnetism 

Terrestrial Magnetism 

Figure-{b) 

A ballistic galvanometer is used to measure charge which passes through the device. When charge is suddenly passed through a coil in magnetic field, it 
imparts an angular impulse to the coil which deflects the coil once and a small mirror attached to the coil axis also rotates along with the coil due to this. 
Torsional springs restores the position of coil back to normal but the deflection ofa light beam falling on the mirror is measured on a scale and amount of 
charge can be calculated. Figure-{a) shows the setup of ballistic galvanometer experiment and figure-(b) shows the industrial orfab ballistic galvanometer 
at the center of which there is a small galss window through which a narrow light beam falls on the mirror and on the path of reflected beam a scale is 
placed. 
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'Magnetic forces of attraction and repulsion between magnetic 
poles are similar to the interaction between charges but 

magnetic poles and charges are not the same thing. However 
the way electric charges produce electric field in their 
surrounding is similar to that magnetic poles also have an 
associated magnetic field in their surrounding. Magnetic lines 

of forces are also similar to electric lines of forces used to 
trace the pattern of electric field in surrounding of charges. 

Tang~nt to a magnetic line of force in space gives the direction 
of magnetic field strength vector at that point and density of 

magnetic field lines in a region is a measures of the magnitude 

of magnetic field in that region. Similar to charges as we 
approach closer to a magnetic pole, density of magnetic lines 

increase. 

It is also observed that in a region variation of electric field 
gives rise to induction of magnetic field and vice versa. A 
danish scientist Oersted observes magnetic field in the 

surrounding of current carrying conductor. Figure-4.1 shows 
the setup of Oersted's Experiment in which when a current is 

switched on, deflection in magnetic needle is observed which 
verified the presence of magnetic field in surrounding of current 
carrying wires. This is called 'Magnetic Effects of Electric 
Current'. 

I 

Figure 4.1 

In this experiment it is also seen that the direction of deflection 
in magnetic needle is opposite when the needle is placed below 

or above the current carrying wire which indicates that 
magnetic field direction is opposite on the two sides of a current 
carrying wire. 

In previous chapters we've already studied about electric field 
and electric forces. There are some facts listed below 
concerning to electric and magnetic field and forces. Students 
are advised to keep these below points always in mind as these 
points form the basis of understanding magnetic effects. 

(I) A static charge produces only electric field in its 
surrounding and only electric field can exert a force on static 
charges. 

(2) A moving charge produces both electric and magnetic 
fields in its surrounding and both electric and magnetic fields 
can exert force on moving charges. 

Magnetic. Effects"ot Currents and Classical Magn~tif!!'] 

(3) A current carrying wire produces only magnetic field in 

its surroundings and only magnetic field can exert a force on 

current carrying wires. 

4.1 Biot Savart's Law 

Biot Savart's Law is a basic law concerning electricity and 

magnetism which describes the magnetic field generated by a 

current carrying wire in its surrounding. The equation ofBiot 

Savart's Law gives the strength of magnetic field at a specific 

point in surrounding of a current carrying wire. The magnetic 

field which is associated with electric field at any point for 

which we were discussing before this article is often referred 

as 'Magnetic Induction' instead of magnetic field in technical 

terms. This is denoted by 'B ' and also referred as magnetic 

flux density like electric field intensity ' E '. 

This law analyzes that the magnetic induction produced due 

to an elemental length ofa current carrying wire depends upon 

four factors. Consider a wire XY carrying a current I. To find 

the magnetic induction at a point Pin its neighbourhood, we 
consider an elemental segment AB on this wire oflength di as 

shown. 

y 

X 

Figure 4.2 

According to Biot Savart's Law the magnetic induction dB at 

point P due to the elemental wire segment AB depends upon 

four factors which are given as 

(i) dB is directly proportional to the current in the element. 

dBocl ... (4.1) 

(ii) dB is directly proportional to the length of the element 

dB oc di ... (4.2) 

(iii) dB is inversely proportional to the square of the distance 
r of the point P from the element 

dBoc _.!:. 
r' 

... (4.3) 
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3j 

(iv) dB is directly proportional to the sine of the angle 0 current, then the direction in which the fingers curl, gives the 

between the direction of the current flow and the line joining direction of magnetic filed lines". This is shown in figure-4.3. 
the element to the point P 

dB oc sin 0 

Combining above factors, we have 

dB oc Id/ s:n 0 
r 

dB=Kldlsin0 
r' 

... (4.4) 

... (4.5) 

Where K is a proportionality constant and its value depends 

upon the nature of the medium surrounding the current 

carrying wire. Ifthe current carrying wire is placed in vacuum, 

then in SI Units its value is given as 

K= &_ = 10-7 T-m/A 
41t 

Here µ0 is called permeability of vacuum or free space. It is a 

physical quantity for a given medium which is a measure ofa 

medium's ability on the extent to which it allows external 

magnetic field to polarize the material inside the volume of 

the body. Therefore Biot Savert's Law is written as 

dB= µ,Id/sine 
41t r2 ... (4.6) 

This constant µ0 is similar in nature to the constant e 0 we 

discussed in the topic of electrostatics. For a given medium its 

magnetic permeability is defined as 

µ= µoµ, 

Where µ, is called 'Relative Permeability of Medium' which 

is casually also referred as diamagnetic constant of the medium. 

Unlike to the case of electrostatics where dielectric constant 

of any medium is always greater than unity, in case of 

magnetism, depending upon the types of mediums value ofµ, 

can be greater or smaller ihan unity. In the topic of magnetic 

properties of material in next chapter we will discuss about 

the magnetic permeability in detail. As of now students can 

consider that if the current carrying wire is placed in a material 
medium then equation-( 4.6) can be rewritten as 

dB= µ /d/sin0 
41t r2 

µ 0µ, /dlsin0 

r' 
... (4.7) 

Above equation-(4.7) gives the magnitude of magnetic 

induction produced due to a small current element. The 

direction of this magnetic induction is given by right hand 

thumb rule stated as "Grasp the conductor in the palm of right 

hand so that the thumb points in the direction of the flow of 

0 (8) 

\ ..------- ------~ "fl ..... --........ ...-_.;.::: :::---... :~ ... 
/

,I ' [ , ... , -... ', '1 
. .. .. .. -- ..,... .. .. l,,,JII' 

I i ...... _ ---- ...... :-_-_-_ :_: ... "!° ... ,..-' __ .,....,...... 
I -------- -------~ 

Figure4.3 

In the figure-4.2 using above rule we can see that direction of 

vector dB is into the plane of paper which is represented by 

® similarly on the points located on the left side of wire 

direction of dB is in outward direction from the plane of paper 
and it is represented by 0. We can accommodate this direction 

in equation-( 4.6) which can be rewritten as 

- (µ 0 ) Jd/x; dB= - --
41t r3 ... (4.8) 

In above equation you can see that the direction of cross product 
of the vector of elemental length and position vector of point 

P with respect to the element is giving the same direction as 

stated by right hand thumb rule. 

At point Pin figure-4.2 magnetic induction due to whole wire 
XY can be obtained by integrating the above expression for 
the entire length of the wire within proper limits according to 

the shape of the wire and it is given as 

... (4.9) 

In above equations many times the term 'Id/' which is the 

product of current and length of element is also referred as a 
separate physical quantity called 'Current Element' which is 
measured in units of 'Ampere-meter' or 'A-m', In later articles 
of the chapter we will discuss its physical significance. 

4.1.1 Magnetic Induction Direction by Right Hand Palm 

Rule 

In previous article we studied that the direction of magnetic 
induction in surrounding of a current carrying wire can be 
obtained by right hand thumb rule. Same can also be obtained 
by 'Right Hand Palm Rule' stated as "Stretch your palm of 
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right hand keeping fingers straight and put the thumb along 
the direction of current and point your fingers toward the point 
of application. 11,e area vector of your palm face gives you 
the direction of magnetic induction vector at that point". This 
is shown in figure-4.4. 

I 

Figure 4.4 

4.1.2 Magnetic Induction doe to Moving Charges 

As already discussed that moving charges produce magnetic 
field in their surrounding. Biol Savert's law is also defined for 

moving charges like current carrying wires we studied in 
article-4.1. To analyze the magnetic induction in surrounding 

of a moving charge we consider a charge q moving at velocity 

v as shown in figure-4.5. In this situation we will determine 
the magnetic induction at a point P located at a position vector 
r from the instantaneous position of charge as shown in figure. 

+q 
' ' ' ' ' ' ' ' ' ' I 

I 

Figure4.5 

p 

®it 

The magnetic induction B due to moving charges in 

surrounding depends upon four factors which are given as 

(i) B is directly proportional to the charge 

Boc q ... (4.10) 

(ii) B is directly proportional to the speed ofcharge 

Bocv ... (4.11) 

(iii) Bis inversely proportional to the square of the distance r 
of the point P from the element 

I 
Boc -

r' 
... (4.12) 

(iv) Bis directlyproportional to the sine of the angle 0 between 

the direction of the motion of positive charge and the line 
joining the charge to the point P 

Bocsin0 

Combining above factors we have, 

qvsin0 Boc ..,_ __ 
r' 

B=Kqvsin0 
r' 

µ, . 
For free space we can use K = 

411 
so we have 

B= &_ qvsin0 
41t r2 

... (4.13) 

· ... (4.14) 

... (4.15) 

Vectorially above resnlt can be rewritten including the direction 
of direction vector of magnetic induction is given as 

- µ, q(iixr) 
B--

- 411 r 3 ... (4.16) 

In above expression of magnetic induction at point P due to 
the moving charge the cross product of velocity and position 
vector is written in such a way that the directioµ of magnetic 
field obtained by right hand thumb rule is same as that given 
by this cross product. In figure--4.5 direction of magnetic 

induction at point P is into the plane of paper (inward) as 
shown in this figure. 

4.1.3 Units used for magnetic induction 

In SI units magnetic induction is measured in 'Tesla' denoted 

as 'T and magnetic flux in space through any area is measured 
in units of'weber' and denoted as 'Wb'. As magnetic induction 
is also referred as magnetic flux density or _flux passing through 
a unit normal area in a region like electric field was defined. 
The units tesla(T) and weber(Wb) are related as 

1 T= I Wb/m2 ... (4.17) 

4.2 Magnetic Induction due to different Current 
Carrying Conductors Configurations 

Equation of Biol Savarts Law gives the magnetic induction 
due to a current element in its surrounding. For different shapes 
of current carrying conductors this needs to be integrated 
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differently to obtain the net magnetic induction due to the 
conductors in their surrounding at specific points. Next we 
are going to discuss some standard configurations of the current 
carrying conductors. 

4.2.1 Magnetic Induction due to a Long Straight Current 
Carrying Conductor 

Figure-4.6 shows a long straight wire carrying a current/. To 
determine the magnetic induction due to the wire at point P 
situated at a normal distance r from the wire we consider an 
element oflength di in the wire at a distance y from the point 
0 as shown. By right hand palm rule we can see that the 
direction of magnetic field at pointP is into the plane of paper 
(inward). 

I 

01+----'-'---~®:B 

y 

e 

dy 

Figure 4.6 

The magnetic induction dB at point P is into the plane of 
paper and given by Biol Savart's Law using equation-(4.6) as 

µ, Idysin0 
dB= - X --"-~ 

4n (r2 +y2
) 

In above equation we can substitute sin0 = F'+J gives 
r2 + y2 

µ0 ldyr 
dB= 4,, x (r' + y')'" ... (4.18) 

As due to all the elements in the wire the magnetic induction 
is in inward direction at point P, the net magnetic induction at 
point Pis given by integrating above equation-(4.18) for the 
whole length of wire .within limits of y from --oo to -too as 

y-+oo • 

B= fdB= -J µ, x I dyr 
,·- 41t (r

2 + y' )'" 

µ0/r -J dy 
B = 41t _ (r2 + y')'" 

To integrate the above expression we substitute 

y= rtan0 

dy= r sec:20 d0 

With the above substitution limits of integration also changes 
as 

and 

" at y=-oo ~ 0= - 2 

" at y=+oo ~ 0= +-
2 

tt 
+-

. µ,Ir f rsec2 0d0 

B = 4n -~ (r' + r2 tan' 0)312 

2 

l +tt/2· 2 0d0 
B = µo r f rs3ec 3 

4n -n/2 r sec e 
I +nil 

B= &_ J cos0d0 
4nr -nil 

µ,I [ . 0] .. " B = - sm _7112 · 4nr 

B= µ,I[!-(-!)] 
4nr 

µ,I 
B= 2nr ... (4. 19) 

As already discussed that the direction of magnetic induction 
due to a long straight wire in its surrounding is along the 
tangent to the concentric magnetic lines as shown in figure-4. 7. 
This is given by either of right hand thumb rule or right hand 

palm rule. 

Figure4.7 

Study Physics Galaxy with www.puucho.com

www.puucho.com



4.2.2 Magnetic Induction due to a Finite Length Current 
Carrying Wire 

Figure-4.8 shows a wire AB of length L carrying a· current/. 
In the surrounding of wire consider a point Pas shown which 
is located at a perpendicular distance r from the wire such 
that the point is subtending angles 01 and 02 at the end points 
of the wire as shown in figure. 

A , --81 ......... 
............ ----I 

r 
---,,, dB 

- p 

I /® 
/ 

/ 

1 0 ~,, + ;,'-// 

t ///// 
B 

Figure 4.8 

To calculate the magnetic induction at point P we consider an 
element oflength di at a distance y from the point O as shown 
in figure-4.8. By using Biot Savart's law the magnetic induction 
dB at point P due to this current element is given as 

µ0 Id/sine 
dB=-· 

471 (r2 + y 2
) 

As due to all the elements in the wire the magnetic induction 
is in inward direction at point P, the net magnetic induction at 
point P due to wire AB is given by integrating above 
equation-( 4.18) for the whole length of wire AB within limits 
ofy from-r cot02 to +r cot01 ·as 

J: +rcot81 d 
µ,,r f y 

=> B= '471 (r'+y')'" 
-rcot82 

To integr· ate the above expression ~ substitute , , I, 

y=rcot0 

dy = - r cosec20 d0 

With the above substitution limits of integration also changes 

µ0/r •s'' r csc' 0d0 
B = - 471 -o, (r' + r2 cot' 0)312 

/ +81 . 

B=-.&_ f sin0d0 
471r -o, 

µ/ 
B = -

4
° [cos01 -(-cos02 )] 
71r 

B= µ,I [cos0
1 
+cos0,J 

471r 
... (4.20) 

The direction of magnetic induction in surrounding ofa finite 

length current carrying wire can also be given by right hand 

thumb rule as shown in figure-4.7. Equation-(4.20) can also 

be used to calculate the magnetic induction due to an infinite 

current carrying straight wire in which both the side angles 01 
and 02 will tend to zero. In this equation if we substitute both 

angles zero then it gives the expression given in 

equatiori-(4.19). 

4.2.3 -Magnetic Induction·due to a Semi-Infinite Straight 
Wire 

Figure-4.9 shows a very long wire AB carrying a current/ and 

Pis a point.at a perpendicular distance r from the end A of the 

wire. Using right hand thumb rule here we can state thai the 

magnetic induction at point P is in outward direction. 

The magnitude of the magnetic Induction at P can be calculated 

by using equation-(4.20). Ifwe look at figure-4.9(b), we can 

see that at point A point P is making an angle 90° with the 

length of wire and at point B which is located fur away distance, 

the angle between the line PB and wire can be considered as 

0°. Thus magn~ic induction at point P due to this semi infinite 

wire is given as 

B= µ,I[cos(90°)+cos(0°)] 
471r 

as => ·B= µ,I [0+1] 
471r 

at y=-rcot02 -> 0=-02 

and at y=+rcot01 -> 0=+01 

µ,/ 
B=-

. 471r ... (4.21) 
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0B, 
pt 

i 
' ' ri 
' ' f 90° 

A . I 

·(a) 

(b) 
Flgure4.9 

n 

, The magnetic induction given in above expression given in 
equation-(4.21) is half of that obtained dueto an infinitely 
long wire as given in equation-(4.19) which can be directly 
stated as both the halves of an infinite wires are identical with 
respect to point Pin jigure-4.Q on the two sides of it and if one 

µI 
B = -

4
° (cos 0 + cos {0°)] 
nr 

µI 
B= -

4
° [I +cos0] 
nr 

... (4.22) 

In both of above cases the direction of magnetic induction is 
given by right hand thumb rule as shown in these fignres. 

4.2.4 Magnetic Induction at the Center of a Circular Coil 

Figure-4.ll(a) shows a circular coil of radius R carrying a 
current I. If we consider an element of length di along its 
circumference as shown then due to this element by right hand 
thumb rule or palm rule we can see that the direction of 
magnetic induction dB at the center of coil is in outward 
direction as shown in figure-4. I l{b). By Bio! Savart's Law the 
magnetic induction at the center of this coil due to this current 
element is given as 

d 
_ µ0 Id/ sin(9O°) 

B- 4n R' 

half is removed then' due \o the remaining half the magnetic => 
µ,Id/ 

dB= 4nR' ... (4.23) 

induction is also reduced .to half. . · 

,, e· 
A"--'------+''-------------------B I . 

. ' (a) 

-- ----------~--~--'------------B 
A I 

(b) 
Figure 4;t0· 

Fig~re-4.IO(aj and (b) shows another semi infinite wire but in 
this case we ~11 ca[culate the magnetic induction at points P1 

andP2 which are located at same distance from end p~intA of 
_wire at same perpendicular distance r from the line of wire. 
Again using equation-( 4.20) we can calculate the magnetic 
induction at these points which is given as 

I 

dB 
® 

(a) 

(b) 

Figure 4.11 
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As shown in figure-4.11 (b) the direction of magnetic induction 

due to all the elements of the coil are in same outward direction 

at every interior point of the coil and the magnetic lines are 

making closed loops from outside of the coil as shown. Thus 

net magnetic induction at center of coil can be given by 

integrating equation-(4.20) for the whole length of the coil 

which is given as 

µ / '"" 
B= J dB= - 0

- 2 J di 
41tR 0 

B = µ,I [21tR - OJ 
41tR' 

µ,I 
B=-

2R 
... (4.24) 

If there areNturns of wire in the coil then total length of wire 

will be 21tRN so for N turns in coil, the magnetic induction at 

the center of coil is given as 

µ,IN 
B=--

2R 
... (4.25) 

Like a circular coil for any closed current carrying coil of any 

shape in a plane the direction of magnetic induction can also 

be calculated by using right hand thumb rule in a different 

way. For this we circulate our right hand fingers along the 

direction of current in the loop as shown in figure-4.12(a) 

then the direction of our right hand thumb gives the direction 

of magnetic induction at interior points in the plane of the 

loop and at all the points outside the loop in its plane the 

direction of magnetic induction is opposite as shown in 

figure-4.12(b). 

(----::,--~7-1---.--rt-,-, --7 -,_ ........ ,,\ 
'-· ...... __ :;_,;,------1-·--11c_ ______ ) .. ..,.._.,,/,, 

' ' ' ' ,_,. 

(a) 

® 

0 
® 

Magnetic Lines 
of Force 

® 

0 

0 

® 
(b) 

----------.. 

Current Flow 

(c) 
Figure 4.12 

® 

0 

0 

® 

Figure-4.12(c) shows the configuration of magnetic lines in a 
diametrical plane of a circular current carrying coil which is 
explained in figure-4.11. 

4.2.5 Magnetic Induction at Axial,Point of a Circular Coil 

Figure-4.13 shows a current carrying circular coil ofradius R 
mounted in 17 plane carrying a current I. We will calculate. 
the magnetic induction due to this coil at a point P located on 
the axis of coil at a distance x from its center as shown. By 
using right hand thumb rule as described in previous article, 
we can see that the direction of magnetic induction at point P 
due to the current in this coil is in rightward direction. 

y 

/ 
-

z 

Figure 4.13 

To calculate the magnitude of magnetic induction at P due to 
the coil we consider a small element oflength di at the top of 
the coil as shown in figure-4.14. Due to the current flowing in 
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this element ifwe find the magnetic induction dB at point P 

then its direction can be given by right hand thumb rule as 
shown in figure. To understand the direction of dB at point P 
students can imagine their right hand palm placed in the figure 
with thumb along the direction of current in di and fingers 
pointing toward the point Pthen you can feel that the direction 
of dB is perpendicular to the palm of your right hand. 

y'i,;~/' 
di,,/~ 

----............................ /;:;:;- dB cos St 
./ -----t: le 

,, ............... I 

,, 8 -. ........ I 

dB 

dB sin8 
p X 

z 

Flgure 4.14 

If we resolve the magnetic induction dB in mutually 
perpendicular directions along the axis and perpendicular to 
the axis as shown in figure then the component dB cos0 which 
is normal to axis gets cancelled out due to the element on coil 
which is diametrically opposite to the element considered and 
the other component dB sin0 which is along the axis will all 
get added up as due to all the elements on the coil these 
components are in same direction and the resultant magnetic 
induction at point Pis in the direction as stated in figure-4.13. 

The magnetic induction at point P due to the element 
considered can be given by Biot Savart's law as 

µ 0 Id/ sin ( 90°) 
dB= 

41t (R' + x') 

µ0 Id/ 
dB= 41t (R' +x') ... (4.26) 

The magnetic induction at P due to the coil is given by 
integrating the above expression for the whole length of the 
circumference of the coil. Thus it is given as 

B= J dBsin0 

's"' µ 0 Id/ R 
B= o 41t.(R'+x') ,/R'+x' 

=> - µ,JR 's"' di 
B - 41t(R' + x2 ) 312 

0 

- µ,JR [21tR-O] 
B - 41t(R' + x' )'" 

Above expression given in equation-( 4.27) will be used as a 
standard result for many advance cases of determining 
magnetic induction. This result can be modified if coil has N 
turns and it can be given as 

. µ0 NJR' 
B= Z(R' +x')'" ... (4.28) 

4.2.6 Helmholtz Coils 

A setup of two identical circular coaxial coils separated by a 
distance equal to their radius when carries current in same 
direction then in the region between the two coils near their 
common axis magnetic induction is found to be uniform. Such 
a system of two coils is called 'Helmholtz Coils'. Figure-4. lS(a) 
shows the setup ofHehnholtz coils and the variation graph of 
magnetic field with distance of the two coils on their common 
axis. 

B 

(a) 

(b) 

Figure4.15 
µ,JR' 

B = 2(R2 + x' )312 .. · ( 4.27) In above graphs it is observed that the drop in magnetic 
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induction due to one coil on either side from ± R/2 position 
(mid point) is equal to the increase in magnetic induction _due 

to other coil because of which the overall magnetic induction 

between the two coils remains almost uniform. The magnitude 
of this magnetic induction can be ca_lculated by using 

equation-( 4.28) at x = R/2 due to both the coils. 

B Helmholtz = 2 B x=R/2 

B _ 2[ µ0N/R
2 J .. 

Helmholtz- 2(R2 +x2 )"' 

x=R/2 

µ0NIR 2 

B =-~~--~ 
Helmholtz (R' +(R/2)')'" 

( 
8 )µ 0N/ 

BHelmholtz = s..[5 R ... (4.29) 

Above magnitude of magnetic induction as given in 
equation-(4.29) is approximately constant,

0

in the region 
I 

between the two coils as shown in fignre-4.15(b). This setup 

of Helmholtz coils is used to setup uniform magnetic field;in 

lab frame for various experiments and experi~enial 
demonstrations. 

4.2. 7 Magnetic Induction at Center of a Circular Arc, 

Figure-4.16 shows a circular arc of radius R carrying a curr.;;.'t · 

M,ag9~ti~'§!fecls -ofCOrr~~ts ah_d Qlassical·Mag'ri~Ysffi'.J 

Using above expression given in equation-( 4.30) we can 

calculate the.magnetic induction due to a semicircular current 

carrying wire which is given by substituting 0 = _211 as 

µ,I 
B= 4R .•. (4.31) 

Above expression- in equation,( 4.31) is halfof the magnetic 

induction que to a circular coil.as __ given in equation-(4.24) 

because due to all elements of a circular coil magnetic induction 

is in same direction so making the coil half reduced the 

magnetic induction also to lialt: Similarly we can state 'that 

due to a quarter circular arc carrying a current i magnetic 
induction at its center will be one fourth of that of a circular · · · 

. coil given as 
µ,I 

B=-
_8R 

# lllustrative Example 4.1 

... (4.32) 

A current i = IA circulates in a round thin wire loop ofradius 

r "" l 00riim. Find the magnetic induction , 

(a) At the centre of the loop 

(b) ·At a pdint lying on 'the axis of the loop at a distance 

, x = 100mm from.its centre., 

.Solution. 

I. Due to all the current elements on this arc magnetic induction- ·(a) At the center of a circular loop magnetic induction is 
at its center O are in same inward direction which is given _by . 
right hand thumb rule as shown. For the angle 0 = 211 it wiil' 

be a circular coil and for angle 0 subtended by arc at its center· 

the magnetic induction can be directly given by using the·. 

expression of magnetic induction due to a circular coil 1g}ven~ 
as 

µ,J 0 
B=-X-

2R 211 

µ,10 
B= 41tR 

I 

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

--­............. 
,, B -- ~ ,, ' 

'• 
Figure 4.16 

... (4.30) 

R 

given as 

· 411;;10-1 xi.a 
B=-----

2x0,1 

(b) As studied at a point on the axis of the loop magnetic 

induction is given as 

µ 0 ir2 

B=-X----
411 (x2 +r2)312 

411x!0-7 xl.0x(0.1)2 

B = ----~~-
2 X (0.02)312 

B=2.22x 10-,;T 

B= 2.22 µT 
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# lllustrative Example 4.Z 

Find the magnetic induction at the point O due to the loop 
current i in the two cases given.below. The shape of the loops 
are illustrated as 

(a) In figure-4.17(a), the radii a and b, as well as the angle <I> 

are known. 

(a) 

Figure4.17 

(b) In figure-4.l 7(b), the radius a and the side bare known. 

Solution 

M..---------,.,,N 
,,,,,,.,,.',,.. 

L' ,/// 

/ 
b 

',.fl : ,/ 
....... Jt.i4J~---=----~p. 

0 K 

(b) 

Figure 4.17 

(a) Magnetic field at Odue to segment KL which is a circular 

arc is given as 

Magnetic field at O due to part LM and KN is zero because 
the point O is located on the line of current 

Magnetic field at O due to arc MN which subtend an angle <I> 

is given by 

B = µoi x<j> 
2 41th 

Total magnetic induction at O is given as 

B=B +B = µoix[21t-<j>+.P_] 
I 2 41t a b 

_ -- -- ---- __ -------~11 j 

(b) Field at O due to arc KL is given as 

µ0i 31t 
B=-X-

1 41ta 2 

Field at O due to parts LM and PK is zero because the point 0 
is located on the line of current. 

Field at O due to part MN is given as 

B = µoi xsin45o= µoi x-1-
2 41th 41th .J2 

Field at O due to part NP is given as 

µoi . 
45

0 µoi I B =-XSlil = -x-
3 41th 41th ..fj, 

Total magnetic induction at O is given as 

B = µoi [3" + .JZ] 
41t 1a b 

# Illustrative Example 4.3 

Figure-4.18 shows a current carrying wire bent at an angle a.· 
Find magnetic induction at a point P located on the angle 
bisector at a distance x from the point O at the bend. 

Solution 

I 

Figure4.18 

As shown in figure-4.19 below the angle subtended by point P 
at point O is a/2 and at the other point at infinity is 0° so we 
can use the expression of magnetic induction due to a finite 
wire by considering thes.e angles to find the magnetic induction 
at point P due to the two wires which is given as 

Bp= 28onewireatP 

Bp= [ µ_
01 

[cosa/2+cos0]] 
41tXsma/2 

/;. 

Study Physics Galaxy with www.puucho.com

www.puucho.com



[12 ~~·-·· -----

Bp= 4m:sina/2 [!+cos a/Z] 

µol 
BP= 2m: sin a I 2 [2cos2 a/2] 

B = µol x2cos2 a/4 
P 4m:sina/2cosa/4 

µ 01 a 
B =-cot-

P 2m; 4 

p 
--•--0-

____ -a -;;;_---"-------- [, ------------ll.".C:::s~-
/ 

Figure4.19 

# Illustrative Example 4.4 

A currenf i flows along a thin wire shaped as a regular polygon 
with n sides which can be inscribed into a circle ofradius R. 
Find the magnetic induction at the centre of the polygon. 
Analyses the obtained expression at n ~ oo. 

Solution 

The situation described in question is shown iu figure-4.20. 

' ' ' ' ' ' ' ' 

1'in 

Figure4.20 

' ' ' ' ' ' ' ' ' 

In figure, OC is the perpendicular distance of one segment of 
polygon from the centre. Here LAOB = (2,r/n) as there are n 
elements like AB thus distance OC is given as 

OC= R cos (,r/n) 

The magnetic induction at O due to a straight current carrying 
element AB is given as · 

B = -x---- sm - +sm -µ0i 1 [ . (") . (")] 1 41t Rcos(1t/ n) n n 

Mag.neti_c_!:ffects o{cu;;ents and. Classical Magn~tlsin j 

B = -x----x2sm -µ0i 1 . (") 
1 41t Rcos(1t/n) n 

... (4.33) 

As there are n sides in the polygon, the total magnetic 
induction due to polygon is given as 

B= -tan -µ011i (") 
2,cR n ... (4.34) 

... (4.35) 

Above expression in equation-(4.35) is a result of magnetic 
induction due to a circular coil as a polygon with infinite 
sides transforms into a circular coil. 

# Illustrative Example 4.5 

A pair of stationary and infinitely long bent wires are placed 
in the X-Yplane as shown in figure-4.21. The wires carry 
currents of i = 1 OA each as shown in figure. The segments L 
and Mare along the X-axis and the segments P and Q are 
parallel to the Y-axis such that OS= OR = 0.2m. Find the 
magnitude and direction of the magnetic induction at the 
origin O of the coordinate system as shown in figure. 

00 

Figure 4,21 

Solution 

We consider the magnetic induction jj at O due to each 
segment separately. Magnetic induction at O due segment L 
and M·is zero because current point O is located on the line 
of these currents. 

Magnetic induction at O due to segments P and Qare in same 
direction which can be seen by using.right hand fhumb rule 
in outward direction and equal in magnitude due to symmetry 
which is say B1 can be calculated by using the result of 
magnetic induction due to a semi infinite wire given as 
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=> B = ---x-- Wb/m 
(

41txl0-4 10 J 2 
I 47t 10.02 

=> B1 =0.5xJ0-4Wb/m2 

As magnetic indnction due to segments P and Q are equal, 

net magnetic indnction at O is given as 

=> 

Bo=2B1 

B = 1 Q-4 Wb/m2 
0 

As discussed that the direction of B0 is perpendicular to X-Y 
plane and directed outward from the plane of paper. 

# ll/11strative Example 4.6 

Figure-4.22 shows two long wires A and B, each carrying a 

current f, separated by a distance I and oriented in a plane 
perpendicular to the plane of paper. The directions of currents 

are shown in figure. Find the magnetic induction at a point P 
located at a distance I from both wires as shown in figure-4.22. 

Solution 

p 
,\ 

I...:>, 
/ 60° \ 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' I/' \J 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' AG:) @a 
I I 

Figure4.22 

Magnetic induction at point P due to both wires is given as 

µof 
B= 21tl 

B 

30 

I---\ 
/ 60° \ 

/ '\ 
' ' ' ' ' ' , ' , ' 

B 

' ' , ' 
1/' \J 
, ' , ' 

' ' , ' , ' , ' 
' ' , ' , ' 

' ' , ' 
AG:) @B 

I I 

Figure4.23 

.. - . -·· ····-,,..--- -1 
. ··-- ··-···-· "·"-----'-"--"13:J•. 

The directions of magnetic induction due to individual wires 

is perpendicular to the line joining the wire to point P. From 

above figure at point P net magnetic induction is given as 

=> 

B =2B sin 30° = 2x µal x.!. 
P 21tl 2 

B = µal 
P 21tl 

# Illustrati,,e Example 4. 7 

In figure-4.24 a current carrying wire configuration is shown 
with current!. Find the vector of magnetic induction at origin 

of co-ordinate system 0. 

y 

/ 
' C / 

/ 
B 

I D 
M X 

I 

z 

Figure4.24 

Solution 

The magnetic induction at origin can calculated byvector sum 
of magnetic inductions due to separate segments of this wire 

configuration which is given as 

--+--+--+--+ 
Bo = BAB + Bev + BnE 

In above vector sum we have not considered the wire segments 

MA and BC as origin lies along the line of currents so 

--> µal • µal • µof • 
Bo = -(-k) + -(-k) + -(-j) 

Sa 16a 871Ca 
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# iiiustrative Example 4.8 

Figure shows a circular wire loop in which a current J enters 
at point A and. leaves from point B through straight wires. 
Find magnetic induction at centre 0. 

D 

0 
1, , .. , I, 

,,<..__.>, R 
,,,,,,,," 8 ',,,, 

C 

I, 
I 

Figure4.25 

Solution 

Ifwe consider current is divided as / 1 andJ2 in the two parts of 

the circular loop which will be divided in inverse ratio of 
resistance or length of the arcs of the loop and these currents 
produces m~gnetic inductions B I and B2 at center 0 
respectively then net magnetic induction at O is given as 

... (4.36) 

B = µ0/ 00 µ0J2(2it-0) 
o 41tR 41tR 

=> 

=> 

=> l = 1(~) 2 2it 

Substituting above current values in equation-(4.36) we have 

# Rlustrative Example 4.9 

A current i flows in a long straight wire with cross-section 
having the form of a thin half-ring ofradius R as ,shown in 

figure-4.26. Find the induction of magnetic field at the point 

0. 

Magnetic Effec~J(Curr~n.,~.and. C_l_assical M_agnetl~JQ J 

Figure4.26 

Solution 

Consider elemental wire of width dx in the cross section as 
shown in fignre-4.27 

Figure 4.27 

Cnrrent in the elemental wire is given as 

. idx iRij, idij, 
· dz= - = - = -.-

itR itR " 
The magnetic induction due to a long wire can be used to 
calculate the magnetic induction due to this elem en ta! wire 
at point D which is given as 

B = µ0di = µ0idij, 
2itR 2it2 R 

All the components dBsinij, will be cancelled out due to the 
corresponding elemental wires on the other half of the cross 
section as these are in opposite directions and the components 
dBcosij, due to all the elemental wires are in same directions 
so will be added up. Thus net magnetic induction due to the 
total current in the complete wire with the cross section shown 
is given by integrating dBcos~ which is given as 

=> 

=> 

=> 

=> 

B0 = J dBcosij, 

B =2 - 0
- cosij, fs/2(µ id~) 

o o 2,.2R 

B = µoi [sin '-]"12 

o 1t2R "" 

B = µoi (1-(0)] 
o "2 R 

µoi 
Bo= it2R 
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Practice Exercise 4. I 

(i) Find the magnetic induction at t_he centre of a 

rectangular wire frame whose diagonal length is equal to 

d = 16cm and the angle between the diagonals is equal to 

~ = 30°, the current flowing in the frame equals i = 5.0A . 

. [0.1 mT] 

(ii) Find the magnetic induction at the point O due to a 

current i flowing in a current carrying wire which has the 

shape as shown in figures-4.28 (a, b, c). The radius of the 

curved part of the wire is Rand the linear parts are assumed 

to be very long. 

R 

K--+--'L----'o· 

(a) 

R 
M 

0 

L 
(b) 

.,,_---N 
M 

N 

K 

M 

Q 
i=------•---N 

t------•---M 
L 

(c) 

Figure 4.28 

(iii) Find the magnetic induction at the point O if the wire 

carrying a current I has a shape as shown in 

figure-4.29 (a, b, c). The radius of the curved part of the wire 

is R and consider the linear parts of the wire are very long. 

__ , ___ _;c15:.,l 

z z 

X 

(a) (b) 

z 

(c) 

Figure 4.29 

[µo.!_~•2 +4, µ,!_~1+(<+1) 2 , µ,.!.._~9, 2 +8] 
41tR 41tR 41t21t 

(iv) In the figure-4.30 shown two circular arcs are joined to 
make a closed loop carrying current /. Frnd the magnetic 
induction at the common centre 0. 

b 

0 

Figure4.30 

[µ,I(~+.!.)1 
8 a b 

(v) Find the magnetic induction at point P due to a current 
carrying wire AB as shown in figure-4.31 

A 

I 

I 

B ,-

Figure4.31 
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r=,.,..,,,~,,,,,----;----~------- - ---
Pc:"'-16 ... ""'~"?;)'.'"•c"':;~.·~ .. '~' _____ - -c~---,_-_. --:,,,_,-_____ -
(vt) Find magnetic induction at point O in the figure-4.32 
shown due to the current carrying loop with current/ as shown . 

.,,.,,.............. . -............ ... 
, ' , ' 

', ',, 

' 0 
/120° 

\ 
\ 
' ' \ 
' } 

I 
' 

,,l 
/ 

................... _ ... __________ ....... "'.,,.,.,. .. " 

Flgure4.32 

[~[..fi _!]1 
2R 1t 3 

(vii) Find the magnetic induction vector at origin O due to 

the current carrying wire configuration as shown in 

figure-4.33. 

y 

C 

A-----,,----~--,B 

a 

a 

I 

z 

G 

Flgure4.33 

[µ,I[i-':_j-2ii]1 
4,ra 2 

(viii) Figure-4.34 shows a spiral of inner radius a and outer 

radius b with total N turns wound in it. If a current i flows in 

it, calculate the magnetic induction at the centre of spiral. 

Magnetic Etteciscifcu"franis a~<j 9assical Magoetlsrn.j 
" ,_ .. ---- ·--- _,,,___ 

[ µ,IN 1n(~)] 
2(b-a) a 

I 
I 

Figure4,34 

(ix) Figure shows a long and thin strip of width b which 

carries a current I. Find magnetic induction due to the current 

in strip at point P located at a distance r from the strip in the 

plane of strip as shown in figure-4.35. 

r p 

Figure 4.35 

µ,I 1n(r+b) J 
[ 2ltb r 

(x) Two long parallel wires carrying currents 2.5A and 

4A in the same direction directed into the plane of the paper 

are held at points P and Q as shown in figure-4.36 such that 

they are perpendicular to the plane of paper. The points P 

and Q are located at a distance of Sm and 2m respectively 
from a collinear point R as shown. 
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p Q R 
@>-----®>----~------.. 
2.5A . 4A X 

i+-,-2m-----+I 

1+-----5m----..i 

Figure4.36 

Find all the positions at which a third long parallel wire 
carrying a current of magnitude 2.5A may be placed so that 
the magnetic induction at R is zero. 

[±lm from point R along x-axis] 

4.3 Magnetic Induction due to Extended Current 
Configurations 

In previous articles we've studied the magnetic induction due 
to current carrying long and finite straight wires, circular coil 
and arcs. In this section we will study the magnetic induction 
due to some current configurations in which the results 
obtained in previous articles will be used as building blocks. 
Such current configurations are called extended current 

configurations. 

4.3.1 Magnetic Induction Inside a Long Solenoid 

Figure-4.37 shows a long tightly wound solenoid with core 
radius R which carries a current J. The number of turns per 
unit length of solenoid are n .. We consider tightly wound 
solenoid because in this case we can consider each turn of 
wire wound on solenoid core as a circular coitotherwise if it 
takes a helical shape then we cannot use the expression of 

magnetic induction due to a circular coil. 

n tums/m 

B • . --~------ - --

Core 

Figure 4.37 

To determine the magnetic i~ductimr at the axial point of the 
solenoid we consider an elemental ring of width dx on the 
solenoid core at a distance x from an axial point O as shown 
in figure-4.38. Number of turns in this elemental ring will be 
ndx and due to this elemental ring, magnetic induction at point 
0 is given by using equation-(4.28) as/ 

µ,(ndx)!R' 
dB= 2(R' +x')'1' ... (4.37) 

Figure 4.38 

, Net magnetic induction at point O due to whole solenoid can 
be calculated by integrating above expression within limits 
from --oo to +oo which is given as 

I 
..,J µ0 (ndx)IR' 

B= dB= 31, 

-2(R' +x') 

µ0nIR2 .., dx 
B= --2-l(R'+x')'" => 

To integrate the above expression we substitute 

x=R tan0 

dx=R sec20 d0 

With the above substitution limits of integration also changes 

as 

and 

=> 

=> 

=> 

=> 

=> 

1t 
at x=-oo ~ 0= --

2 

1t 
at x=+oo ~ 0= +-

2 

+!! 
µ,nIR' J' R sec' 0d0 

B = --2- , (R2 + R' tan' 0)312 

. ,: 

µ0nlR2 
"

12 R sec' 0d0 B--I - 2 R3 sec3 0 
-n/2 

n/ +nl2 

B= µ; J cos0d0 
-n/2 

µ,nJ [ . 0i··12 
B = -2- Sill -n/2 

I 
B= 2µo"J[l-(-l)] 

B = µo"I ... (4.38) 

Above expression given in equation-(4.38) is valid only for 
the case when the solenoid is very long and tightly wound on 
its core. If there is a gap between turns ~f solenoid then these 
turns cannot be considered as circular coils-using which above 

result is derived. 
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4.3.2 Direction of Magnetic Induction Inside a Long 
Solenoid 

In upcoming articles we will discuss if in a region at every 
point magnetic induction is in same direction then it must be 

uniform throughout any cross section in that region. This will 
be discussed in details under article-4.4.9 but students must 
keep this fact in mind for using this in different applications. 
As at every point on the axis of a long solenoid magnetic 
induction is given by equation-( 4.38) which is a constant thus 
we can conclude that throughout the volume of solenoid at 

every cross section magnetic induction will remain uniform 
as shown in figure-4.39. It is also observed that for closed 
pack or tightly wound solenoid outside magnetic induction is 

zero as .all magnetic lines form closed loop from negative 
infinity to positive infinity along the length of solenoid and at 
every exterior point of solenoid magnetic induction due to 

different parts on diametrically opposite sides of solenoid 
cancelled ·out. 

Figure 4.39 

Figurec4.4O shows a looselywotmd solenoid on a core. As the 
wires in turns are not closely packed magnetic induction due 
to each wire turn will be in form ofconcentric circles close to 

the wire a~d at some distance inside and outside the resulting 
magnetic induction is shown· by the magnetic lines in thi_s 
figure. As wire. turn~ are not closely packed outside magnetic 
field exist in opp_osite direction. lfturns are very close or almost 
touching' each other the ~agn~tic induction between the wire 
turns will be zero as due to the two close turns the magnetic 
field cancels because these are in opposite direction (See point 
A in figure).·· · .. 

Figure 4.40 

Magnetic Effe_c~~o(9µrr~!'t~=a6d Cl~c~_l,!:!!!li!~l:\i~m j 
4.3.3 Magnetic Induction due to a Semi-Infinite.Solenoid 

Figure-4.41 shows a semi-infinite solenoid carrying a current 

I, core radius R and number of turns per unit length n. The 
magnetic induction at the end of solenoid at its axial point 0 
can be directly given as halfofthat due to the long solenoid at. 
any of its axial point. This is because ifwe consider another 
semi-infinite solenoid adjoining to this one to complete the 
infinite solenoid then at point O the magnetic induction due 

to two halves of the long solenoid will be equal which is given 
by equation-(4.38). Thus the magnetic induction at the poirtt 

0 on the axis at terminal cross section of this semi-infinite 

solenoid is given as 

... (4.39) 

n turns/m 

Flgure4.41 

Students can also derive the above expression given in 
equation-( 4.39) by integrating the result due to an elemental 
circular coil as considered in article-4.3.1 within limits from 

0 to infinity for the magnetic induction at point O due to this 
semi-infinite solenoid. 

4.3.4 Magnetic Induction doe to a finite length Solenoid 

Figure-4.42 shows a fini.te length tightly wound solenoid or' 
core radius R an:d ~ent I with number of turns per unit 

length n. In this case we will determine the magnetic induction 
at a point P at axis of solenoid where the terminal.,, 

circumference of solenoid cross sections subtend angles 01 and 

02 as shown in figure. 

dx 

· Rcot82 

Figure4.42 

To find the magnetic induction at point P we consider an 
· elemental coil of width dx at" a distance x from P. Number of 
turns in this elemental coil are ndx. Magnetic induction due 

to the elemental coil dB at point P is given by using 
equation-(4.28) as 
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dB= __,µ_,,0-'c(n_dx----')'c-IR_'~ 
2(R2 + x2

)
312 ... (4.40) 

Net magnetic induction at point P due to whole solenoid can 

be calculated by integrating above expression within limits 

from -Rcot01 to +Rcot02 which is given as 

=> 

+Rro,e, µ
0
(ndx)IR2 

B= f dB= J 2(R' +x')'" 
-Rcot81 

IR2 +Rcot82 d 
µ0n J X B---

- 2 (R' + x2 ) 312 
-Rcot81 

To integrate the above expression we substitute 

x=R cote 

dx= -R csc20 d0 

With the above substitution, limits of integration also changes 

as 

and 

=> 

=> 

at x=-R cot0 1 ~ 0 =-01 

at x=+Rcot02 ~ 0=+02 

µ,nIR' •s'' R csc' 0d0 B---
- 2 .,, (R' + R' cot' 0)312 

B _ µ0nIR' •s'' _R_c_sc_
2
_0_d_0 

- ---2- R' csc3 0 
-81 , 

B = µ,nI [coset::-
2 .. ·, 

I . 
B= 2µ,nJ[cos0 2 -(-cos01)] 

I 
B= 2µ,nJ[cos01 +cos02 ] ... (4.41) 

Using above expression we can also calculate the ma~etic 
induction due to the semi-infinite solenoid by substituting·. 

angles 0
1 
= 90° and,02= 0° which also verifies the expression 

obtained qualitatively as equation'(4.39) in article'4.3.3. 

4:3.5 Magnetic Induction due to a Large Toroid 

Figure-4.43 shows a large toroid with its radius R to be very 

large compared to its cross sectional radius r (R >> r). Due to 

-- -~··- -,,.-, "-·-·· -~-----] 
·--- __ .. ··-·-· ··- 19; 

large radius turns can be tightly wound on the toroidal core 

(also called as tore) of toroid. If there are total Nturns of wire 

wound on the toroid then number of turns per unit length can 

be given as 

N 
n=--

2,rR 
... (4.42) 

Figure 4.43 

This toroid can also be imagined by considering a long solenoid 

is bent in circular shape so_ that its both far ends are joined 

together to close the loop for inside magnetic lines. In case of 
tightly wound turns with R >> r the magnetic induction inside 

· the cross sectional region of toroid can be given by 

equation-(4.38) as 

=> 

B= µ,(2~} 

· µ NI 
B=-'-

2,rR 
... (4.43) 

If the cross sectional radius of toroid is not very small compared 

to the average radius of the toroid then number of turns per 

unit length at inside and outside periphery of the toroid will 

be different due to which the magnetic" induction· inside the 

toroid cross section ·will also be different near to inside ·and 

outside edge as shown in figure-4.44 ·which· approximately 

shows the magnetic lines density inside. As near to inner edge 
(at point 1 shown in figure-4.44) turns are closer so magnetic 

.induction will be higher and at outer edge (at point 2 shown 
in figure-4.44) turns separation is large so magnetit: induction 
will be lesser. In this case at outside'points of toroid also·. 

magnetic induction will be non zero because of the same reason 

as discussed in article-4.3.2. 
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Figure4.44 

4.3.6 Magnetic Induction due tP a Large Current Carrying 
Sheet 

Figure-4.45 shows a large metal sheet carrying current 
throughout its cross section with linear current density i ampere 
per meter. The direction of magnetic induction du~ to this 
sheet above and below can be given by right hand palm rule 
as shown in figure-4.45(a). We can see that the direction of 
magnetic induction above and below the sheet are opposite 
and as the sheet is considered to be very large the direction of 
magnetic induction is considered unifurm in the region. Figure-
4.45(b) shows the cross secti~nal view of the _sheet and the 
direction of magnetic induction due to the current in sheet. 

., 

(a) 

II 
(b) 

Figure4.4S 

II 

iA/m 

~- r!~s_rl~i~'§l!~~,of Cufi~To~~ass1catM8JI 
To determine the magnitude of magnetic induction at a point 
P located a distance·r above the sheet we consider an elemental 
wire in the sheet of width dx at a distance x from the sheet as 
shown in figure-4.46. This figure shows the cross section of 
the sheet which carries a linear current density i Alm. The 
current in the elemental wire is given as 

di= idx 

Magnetic induction dB due to the elemental wire on sheet at 
point P can be calculated by equation-(4.19) as discussed in 
article-4.2.1 which is given as 

X 

µ,di 
dB=--'-=== 

2rc..Jx2 + r2 

dBsin8 dB 

--------~ cos 8 ,, 

8 ',,,',,,',,,, 

r ',,~~+r. 

', 

0 
',,,',,, 

X 

i+----:-x=----idx I<-

Figure 4.46 

The direction of dB is shown in above figure which students 
can verify by placing their right hand thumb along the 
elemental wire pointing inward and fingers toward the point 
P so that right hand palm givesthe direction of dB. 

In figure-4.46 we can see that the component of dB normal to 
. the sheet dB sin9 will get cancelled out by the opposite direction 
component at P due to another elemental wire on sheet on the 
other side of point O at the same distance x. Other component 
of magnetic induction along the surface of sheet dB cos9 will 
be added up due to all the elemental wires on the sheet thus 
net magnetic induction at point P due to whole sheet will be 
· given by integrating dB cos9 for the whole length of sheet 
from -oo to +oo given as 

B= J dBco_s9 

j µo(idx) r 

B= --co2rc.Jx2 +r2 '.Jx2 +r2 . 
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=> 

B= ~~[(~)-(-~)] 

The direction of above magnetic induction is given by right 

haud thumb rule as shown in figure-4.47(b). If the charge is 
revolving at high speed then it can be considered as a 

continuously flowing current in coil. For a charge revolving 

at an angular speed ro then its equivalent current in the circular 

path is given as 

Current = Charge x Frequency of revolution 

=> 
Ol qro 

l=qx- = -
21t 21t 

... (4.46) 

1 . 
B= -µ,, 

2 
. .. (4.44) Thus magnetic induction at the center of this circle can be 

calculated by. using equation-(4.24), given as 

4.3. 7 Magnetic Induction due to a Revolving Charge 
Particle 

Figure-4.47(a) shows a point charge q is revolving in a circle 
ofradius R with velocity v. If the charge is revolving at slow 

speed then the magnetic induction at its center due to motion 

=> B= ..&_(qro) 
2R 21t 

of charge can be calculated by equation-( 4.15) as discussed in, => 
article-4. 1.2 which is given as 

µ,qro 
B=--

41tR 

B= µ,qv 
41tR' 

(a) 

V 

(b) 
Figure 4.47 

... (4.45) 

V 

=> 
µ,qv 

B=--
41tR' 

V 
[Asro=-J 

R 
... (4.47) 

Above equation-(4.47) is same as equation-(4.45). In case of 

magnetic induction at center of circle both of these results can 
be considered same but in case of a point on the axis of circle 
in first case due to revolution of charge particle the 

instantaneous direction of magnetic induction is shown in 
figure-4.48 which changes with the location of the particle on 
circular path in yz plane as shown and its magnitude is given 

as 

' 

y 

' 

B= µ,qv 
41t(R2 + x2

) 

+q 

/ \----~;----------

... (4.48) 

: I ~-

/ -!-- -==:>-;'._., 
\ : B 

'
: \, I 

\._ / 

-y 

Figure 4.48 

If we consider revolving charge as a continuous circulating 
current of magnitude given byequation-(4.46) then for an axial 
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point at a distance x from the center of circle the magnetic 

induction direction will be given by right hand thumb rule as 

shown in figure-4.49 and its magnitude can be calculated by 
using equation-(4.28) given as 

=> 

' ' R! 
' 

µ0R' (qro) 
B= 2(R' +x')312 21t 

B = --'-µ-"'"-q-"ro-'-R'-'-
41t(R2 + x2 )312 ... (4.49) 

~' ---1.-------------P 
X B 

Flgure4.49 

4.3.8 Magnetic Induction due to a Surface Charged 
Rotating Disc 

Figure-4.50 shows a circular disc of radius R and charged 
with a surf\lce charge density cr C/m2• The disc is rotating at a 

constant angular velocity ro and due to the rotating charges 
we will determine the magnetic induction at the center of the 
disc. 

~ aC/m
2 

X dB 

Figure4.S0 

To calculate the magnetic induction due to rotating disc we 
consider an elemental circular ring of radius y aud width dy 
on the disc surface as shown in figure. The charge dq on this 
elemental ring is given as 

dq= IT X 2,ry • dy 

The current in elemental ring due to its rotation is given as 

dqro 
di= 2" = crroy · dy 

Magnetic Effects_of Curr~n~ and Classical Magnetlsm I 
The magnetic induction dB at the center of disc due to this 

elemental ring can be calculated by using the result of magnetic 

induction of a coil which is given as 

µ,dJ 1 
dB= --=-µ crrody 

2y 2 o 

Net magnetic induction due to the whole disc at its center is 

given by integrating above expression within limits from O to 
R for the complete surface of disc which is given as 

R l 
B = J dB= J-µ 0crrody 

,2 

. 1 
B = -µ0crroR 

2 
... (4.50) 

Magnetic induction at the axis point of above rotating disc 

can be calculated by integrating the magnetic induction at axial 
point due to the above chosen elemental ring. Students can try 
on their own to get the result and verify it with the result 
given below. 

µ 0crroR 4 

B.,,;, = 8(R' +x2 ) 312 

# Illustrative Example 4. I 0 

... (4.51) 

A very long straight semi-infinite solenoid has a cross-section 

radius R and n turns per unit length. A direct current I flows 

through the solenoid. Suppose that xis the distance from the 
one end of the solenoid, measured along its axis. Calculate 

(a) The magnetic induction B on the axis of solenoid as a 
function of distance x. 

(b) Draw an approximate plot of B vis ratio x/R. 

(c) The distance x0 to the point on the axis at which the 

value of B differs by 1] = 1 % from that in the middle section 
of the solenoid. (Consider x0 >> R) 

Solution 

(a) In terms of angle 91 and 92, the magnetic field at a point 
on the axis is given as 

µ0ni 
B = -

2
- [cos 91 + cos 92] 

n tums/m 

X 

Figure 4.51 
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jMagnetic Effects ·'!f Currents and_~l~sslcal Magnetism 

For a semi-infinite solenoid we use 01 = 0 and 0
2 

= 0° and 
from figure we have 

X 
cos 0 = 2 2 1/2 

(x +R ) 

Thus magnetic induction as a function of distance x is given 
as 

B=--X ----+ µ0ni [ x ,] 
2 (x2 + R2)112 ... (4.52) 

(b) Equation-(4.52) is plotted as shown in figure-4.52. 

I . -µ m 2 0 

B 

-+-----------------+x!R 

Figure4.52 

(c) Atx=x0 magnetic induction is taken as O.99µoni so from 
equation-(4.52) we use 

so[ 2 x°, l/2 +1] =99 
(x0 +R ) 

In above expression x0 >> R so we can QSe binomial 
approximation as 

[(1-~ )+1] = 
99 

2xi 50 

R' 
=:, 2-1.98= -

2x2 
0 

=:, O.O4xJ=R2 

=:, x0=5R 

# Illustrative Example 4. II 

A straight long solenoid produces magnetic induction Bat its 

centre. If it is cut into two equal parts and same number of 

turns wound on one part in double layer. Calculate magnetic 

field produced by new solenoid at its centre. 

Solution 

Magnetic induction produced bya long solenoid having n turns 

per unit length on its core and carrying a current J at its center 
is given as 

If same number of turns wound over half length in double 

layer on the solenoid core then number of turns per unit length 

on the new solenoid becomes 211 so for the same current in the 
solenoid the magnetic induction will become 2B. 

# Illustrative Example 4.12 

A very long straight solenoid carries a current J. The 
cross-sectional area of the solenoid is ~qua! to S, the number 

of turns per unit length is equal to 11. Fhlli-th!, magnetic flux 
of vector jj through the end plane of the solenoid. 

Solution 

Magnetic induction at the end plane ofa semi infinite solenoid 
is given as 

Similar to the way we calculate electric flux using electric 

field strength as flux density, in the same manner magnetic 
flux can also be calculated using the magnetic induction at a 

plane. In this case as throughout the cross section magnetic 

induction is uniform and direction is perpendicular so to the 

cross sectional surface, here the magnetic flux can be given 
as 

$= Js.ds 

=:, $= J BdScos(O°) 

=:, $= sf dS=BS 

I . S 1 ·s -..........:: 
$= -µ 0mx = -µ 0m 

2 2 
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# I1/ustrative Example 4.13 

A non-conducting sphere ofradius R charged uniformly with 
surface density cr rotates with an angnlar velocity ro about a 
diametrical axis passing through its centre. Find the magnetic 
induction due to the rotating charge at the centre of the sphere. 

Solution 

Figure-4.53 shows the charged sphere on which we consider 
an elemental ring at an angle 0 from the axis of angular 
width d0. The surface area of the elemental ring is given as 

dS = 21tRsin0 x Rd0 

The charge on the elemental ring surface is given as 

dq= ads 

Figure 4.53 

Current due to rotating charge on the elemental ring is given 
as 

dqro 
di= --

2it 

di= (2rrcrR
2 

sin 0d0)ro 
2it 

di = crroR 2 sin 0d0 

Magnetic induction at the centre O due to the current in 
elemental ring is given as 

µ0di(R sin 0)2 
dB=-~~~-~~~~ 

2(R2 cos2 0+R2 sin2 0)312 

d 
_ µ0disin2 0 

B- 2R 

Substituting the value of current di we get 

dB= µo x 
2 

. 2 0 
,.n2 . 0d0 Sill O"lW\. Slil X --

R 

Magnetic Eff~s_orcGrren"isand Classical Magnetlsml 

1 . 
dB = - µ crroRsm30d0 2 0 

Net magnetic induction at O is given by integrating above 
expression within limits of 0 from O to it given as 

B = - µ0crroR - cos3 0 - cos 0 1 [l ]" 
2 ·3 . o 

1 [l . 1 ]" B = -µ0crroR -(-1)-(-1)--(1)+(1) 
2 3 3 o 

4.4 Ampere's Law 

'Ampere's "Law' also called 'Ampere's Circuital Law' relates 
the line integral of magnetic field along a given closed path 
and the currents which are enclosed by that closed path. The 
law is stated as 

"Line integral of magnetic induction along a closed path is 
equal to µ0 times the total current coming out and enclosed 

. by that closed path." 

In figure-4.54 M is a closed path in free space where some 
cnrrent carrying wires are present with direction of currents 
indicated in the figure. Such a path chosen for application of 
Ampere's Jaw is called 'Ampere's Path'. Along the path at a 

point we ~onsider an element oflength di and at the location 
of this element if_Eet magnetic induction due to all the wires 
in the region is B then line integral of magnetic induction 
along the given path Mis written as 

I, 

1, 

Figure 4.54 
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According to Ampere's law this line integral is equal to the 
product of µ0 and the total current enclosed by the closed path. 
This gives 

,f,Bdl =µ T r . O"' enclosed ... (4.53) 
M 

Expression in equation-(4.53) is the called 'Equation of 
Ampere's law'. For the given situation as shown in figure there 
are three currents enclosed by the path M so we use 

... (4.54) 

Substituting the above value of I,nclosedin equation-(4.53) gives 

jB.dl =µ,(II+ I,-I,) ... (4.55) 
M 

In equation-( 4.54) direction of currents on right band side of 
equality is decided by right hand thumb rule as shown in 
figure-4.54. Here right hand fingers are curled along the 
direction of line integral on the path Mand thumb gives the 
positive direction or the currents in the direction of thumb are 
taken positive and opposite ones are taken negative. 

It is important to note that in equation-(4.55) on LHS the 
magnetic induction B is due to all the currents in the region 
but on RHS only enclosed currents are included. This is because 
due to every individual currents magnetic field is closed loop 
in surrounding of that current thus line integral of magnetic 
field for a closed path in surrounding of any current is always 
zero if the path is not enclosing the current as shown in 
figure-4.55. If B 1 is the magnetic induction at the location of 
an element di chosen on the path Z then we have 

jB,.di = 0 
z 

I 

Figure 4.55 

Qualitatively we can state that total inward magnetic lines on 
a path are equal to total outward magnetic lines from the path. 

4.4.1 Applications of Ampere's Law 

In application of Ampere's law under different situations we 
need to choose the path in such a way that the line integral of 
magnetic induction along the path can be carried out easily. If 
the path is randomly chosen then many times the integral can't 
be solved so students must be careful about the below mentioned 
general points for selection of Ampere's path for its application 
in different situations. These points are 

(i) Path should be chosen in such a way that at every point of 
path magnetic induction should be either tangential to the path 
elements or normal to it so that 'dot' product can be easily 
handled. 

(ii) Path should be chosen in such a way that at every point of 
path magnetic induction should either be uniform or zero so 
that calcuiations become easy. 

To have better understanding ofapplications of Ampere's law 
we consider some cases of determining magnetic field using 
Ampere's law which is one of the most common application. 

Just like in electrostatics we've studied that in cases of 
symmetric and uniform charge distribution calculation of 
electric field becomes easier if we use Gauss's law similarly, 
in cases of uniform current configurations Ampere's law is 
easier than Biol Savart's law that is discussed in upcoming 

articles. 

4.4,2 Magnetic Induction due to a Long Straight Wire 

Figure-4.56 shows a straight wire carrying a current I and we 
will determine the magnetic induction due to this wire at a 
point P located a distance r from wire as shown in figure. This 
we've already done in article-4.2.1 but here we'll do this by 
using Ampere's law. 

I 

1'---'-'-~"p 

Figure4.56 

' 
To apply Ampere's law we need to choose a path along which 
we will calculate the line integral of magnetic induction. As 
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I 2s 

shown in figure-4.57 we consider a circular path M with point 
P located on this path. We've chosen this path because we 

know that direction of magnetic induction at every point of 

this path is tangential to the path or parallel to every element 
on this path and its magnitud~ remain constant because of 
symmetry. 

I 

-------- ------- M 
,,,.,-------- . ------........... p 

', ~ .... ', B .......... _ 
----- ------------ d1 

Figure4.57 

Total current enclosed by this path isl so on applying Ampere's 
law on this path, ii gives 

cJi B.d/ = µ/enclosed 
M 

cji Bdl cos(0°) = µ/ 
M 

. ~ Bpdl = µ/ 
M 

B. 27tR= µ/ 

... (4.56) 

Above equation-(4.56) is same as equation-(4.19) of 

articl~.2.1 which was obtained byBiot Savart's law. Students 

should note that for application ofAmpeie's law it is essential 

to know the direction of magnetic induction in surrounding of 

current configuration with the use ofright hand thumb rule so 

that we can choose the Ampere's path properly. 

4.4.3 Magnetic Indnction due to a Long Solenoid 

lo article-4.3.1 also we·ve analyzed the magnetic induction 

due to a long solenoid which now we'll calculate again by 

using Ampere's law. Figure-4.58 shows a tightly wound long 

solenoid with core radius R, number of turns per unit length n 
and carrying a current I. 

Magnetic Effects of Currents and Classical MagneUsni3 ---------

D 
di 

C 
ntums/m 

I• " ,. ' ; ,. ,. '-"'-"- "\/ ' V "'' V ' : -· '! 
di 

" 
, 

-.. t'' . {' i;·. I [ ; 

' I I I I dt I I I I I ; 

i' I i • : : : : : .i 'I! 

i I I . 1~: I I . I "' .. I l I I . 
I "./ '\ f,,~ • ., ' .'.• ' ·. , .... •• •, .. " 

Figure4.58 

To apply Amperes law we consider a rectangular path ABCD 
as shown in figure such that the path lies in a radial plane 
passing through the axis of cylindrical core of solenoid and 
part CD of the path is lying outside and parallel to the axis of 
solenoid. The dimensions of the path are taken as AB = x and 
CD = y so the total number of turns passing through the path 
ABCD are nx. Now applying Amp~re's law on path_ ABCD 
gives 

cji B.dl = µ/oncrosed 
ABCD 

cji B.dl = iic,(nxIJ ... (4.57) -
ABCD 

In above equation to solve the line integral on LHS of' 
equation-(4.57) we split th~ integral for the different parts of 
the closed path ABCD as 

B .c D A 

Jn-ai +fii-dI + Jn-dI + JB·dl,= µ0 (nxl) ... (4.58) 
A B C D 

As the magnetic induction inside a tightly wound long solenoid 
is uniform, for .path length AB magnetic induction vector is 
along the element length so first term in above equation-(4.58) 
can be given as 

B B 

JB·dl = Hf dl=Bx ... (4.59) ,. ,. 

For the parts BC and DA we can see that the portions which 
are outside the solenoid, magnetic induction is zero and the 
portions which are inside the solenoid magnetic induction is 
perpendicular to the path elements thus for the whole length 
of these paths second and fourth terms on LHS of equation­
( 4.58) will be zero which are given as 

C 

fB-di=O ... (4.60) 
B 

,. 
and fs-ai=O ... (4.61) 

D 

For the remaining path CD as it is completely outside the 
solenoid where magnetic induction is zero so this term will 
also be zero as at every point of path CD, B = 0 given as 

Study Physics Galaxy with www.puucho.com

www.puucho.com



I 

D equation-(4.64) we split the integral for the different parts of 

fii-dt =O 
C 

... (4.62) the closed path AB CD similar to the analysis we did for solenoid 

as 
Substituting above values in equation-( 4.58) gives 

Bx= µ0 (nx/) 

B = µo"l ... (4.63) 

Expression in above equation-(4.63) is same as equation-(4.38) 
of article-4.3 .1 which was calculated by integrating the 
magnetic induction due to ring elements over the whole length 

of solenoid. 

4.4.4 Magnetic Induction due to a Tightly Wound Toroid 

In article-4.3.5 also we've analyzed the magnetic induction 
due to a large toroid which now we'll calculate it again by 
using Ampere's law. Figure-4.59 shows a tightly wound large 
toroid with average tore radius R, cross sectional radius r 

(r << R), number of turns per unit length n and carrying a 

current I. 

Figure 4.59 

To apply Ampere's law we consider an approximately 

rectangular path ABCD as shown in above figure similar to 
the case of solenoid such that the path lies in the plane 
perpendicular to the axis of toroid at point O and part CD of 
the path is lying outside the toroid. The dimensions of the 
paths are taken as AB= x and CD = y so the total number of 
turns passing through the path ABCD are nx. Now applying 
Ampere's law on path ABCD gives 

P B.d/ = µ/ondosed 
ABCD 

B C D A 

Jii-di + fii-dt + Js-dt + fii-dt= µ, (nxl) ... (4.65) 
A B C D 

As the magnetic induction inside a tightly wound long solenoid 

is uniform, for path length AB magnetic induction vector is 

along the element length so first term in above equation-(4.65) 

can be given as 

B B 

JB·& = BJ di =Bx ... (4.66) 
A A 

For the parts BC and DA we can see that the portions which 

are outside the toroid magnetic induction is zero and the 

portions which are inside the toroid magnetic induction is 

perpendicular to the path elements thus for the whole length 

of these paths second and fourth terms on LHS of equation­

(4.65) will be zero which are given as 

C 

Js-di = o ... (4.67) 
B 

A 

and fs-di=O ... (4.68) 
D 

For the remaining path CD as it is completely outside the 

solenoid where magnetic induction is zero so this term will 

also be zero as at every point of path CD, B = 0 given as 

D 

fs-di=O ... (4.69) 
C 

Substituting above values in equation-(4.65) gives 

Bx= µ0 (nxl) 

B=µ0nl ... (4.70) 

If total number of turns in toroid are Nthen n is given as 

N 
n = 21tR 

Thus equation-(4.70) becomes 

µ,NI 
B=--

21tR 
... (4.71) 

p B.dt = µ0(nxl) 
ABCD 

... (4.64) Expression in aboveequation-(4.71) is same asequation-(4.43) 
of article-4.3.5 which we've now calculated using Ampere's 

In above equation to solve the line integral on LHS of law. 

L 
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4.4.5 Magnetic Induction due to a Cylindrical Wire 

Figure-4.60 shows a long straight cylindrical wire ofradius R 
carrying a current I. To determine the magnetic induction at 
outside point P located a distance x (x > R) from its axis we 
consider a circular Ampere's path of radius x on which applying 
Ampere's law gives 

~ 

~ 

~ 

fB · di = µ/,ndosed 
M 

cf, Bdl cos(0°) = µ/ 
M 

Bpdl =µ/ 
M 

B·2m=µ/ 

Magnetic Ettf!CtS 91 CUITerits and Classical Magne~eiin] 

' i 
' R ' :.........-: 

' 

Figure4,61 

µ,J 
~ B=-

2,cx 

' ' ' R ' r--=-+: 

· · · ( 4.72) As the current Jis considered to be uniformly distributed over 

the cross section of cylindrical wire, the current enclosed in 
the circular path M ofradius x as shown in above figure is 
given as 

' 'ti 

----- ' - __ ],! ______ _ 
,, ...... ---
( r 'p 
'-----... _________ X ~B 

---- --- ----- d1 

Figure4.60 

J 2 I = --x,cx 
enclosed 7tR2 

Ix' 
I =­enclosed R2 

Thus from equation-(4.74) we have 

If point P is located on the surface of cylindrical wire we can 
use x = R for which the magnetic induction is given by 
replacing x with R in equation-(4.72) as 

µ,Ix 
B = 2nR' ... (4.75) 

For outside and surface points of the cylindrical wire the 
expressions of magnetic induction as obtained in 

... (4.73) equations-(4.72) and (4.73) are same as obtained in 

equation-(4.56) thus for a uniform current carrying cylindrical 
To determine the magnetic induction at an interior point Pat wire on its outer and surface points we can determine magnetic 
a distance x from the axis of wire again we consider a circular induction by considering its current concentrated along the 
path as showu in figure-4.61 and apply Ampere's law on this axis of wire. 
path which gives 

cf, B.d/ = µ/,ndosed 
M 

If current density in the cylindrical wire is J then we can rewrite 
... (4.74) above expression in equation-(4.75) as 
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I . 
B = -µ 0Jx 

2 
... (4.76) 

If position vector of point P is considered as x then direction 

of magnetic .induction at point P is perpendicular to x thus 

equation-(4.76) can be vectorially written as 

Above equation-(4.77) can also be written as · 

- I -B =-µ,(Jxx) 
2 

... (4.77) 

... (4.78) 

· Using equation-(4.72), (4.73) and (4.75) we can plot the 

variation curve of- magnetic induction magnitude in 

· surrounding of the cylindrical current carrying wire which is 

shown in figure-4.62. 

B 

µ,I 
21tR ----------

-IL---.L __ ..:::::==-.::-:=-:.:-:.:-c.., 
x=R 

- Figure 4,62 

4.4.6 Magnetic Induction due to a Hollow Cylindrical Wire 

Figure-4.63 shows a hollow thin walled long cylindrical wire 

carrying a current I. Similar to. what we discussed in previous 

article here also we can say that due to uniform cnrrent 

distribution for outer and surface points we can consider that 

current is concentrated on the axis of cylinder thus magnetic 

induction at outer and surface points of the wire is given as 

For x> R 
µ,I 

Bout= 2,rx ... (4.79) 

Forx=R 
µ,I 

Bs= 2itR ... (4.80) 

Above results can also be obtained by considering a circnlar 
Ampere's path and applying Ampere's law like the way we 

did for a solid cylindrical wire. 

' " ! R II ~. 
" ' 

Figure4.63 

For interior points of the hollow cylindrical wire ifwe consider· 
a point Pas shown in, figure-4.64 and apply Ampere's law on 

the circnlar path M shown then we have 

fii.dl = µ/enclosed 
M 

' " ' " WL.ll 
" 

Figure4.64 

In this case for the path shown enclosed cnrrent will be zero 
as cnrrent is flowing only on the surface of the hollow cylinder. 
By symmetry of path we can assume that magnetic induction 
is uniform along the path M which gives 

fii.dl = 0 
M 

=> B.,,;de = 0 ... (81) 

Using equation-(4.79), (4.80) and (4.81) we can plot the 
variation curve of magnetic induction magnitude in 
surrounding of the cylindrical current carrying wire which is 
shown in figure-4.65. 
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µ, I 
2nR --- -----

-1--!!,B_::,~,!LO__J~---====-.=-:=-:..:-::.:-:.+x 
x=O 

Figure4.65 

4.4. 7 Magnetic Induction due to a Large Current Carrying 
Sheet 

Figure-4.66 shows the cross section ofa current carrying large 

sheet with linear current density i Alm flowing in it. In 
article-4.3.6 we have already discussed about the direction, of 
magnetic induction above and below the sheet as shown in 
figure-4.45. To determine the magnetic induction at a point P 
located at a distance r above the sheet using Ampere's law, we 

consider a rectangnlar path ABCD as shown in figure-4.66. 
The dimensions of the path chosen are AB = x and BC= y. 

Along path AB and CD we can see that magnetic induction 
direction is parallel to the direction of element chosen and for 

paths BC and DA direction of magnetic induction is 

perpendicular to the element. Thus by applying Ampere's law 
on the path ABCD we have 

1 
y 

P Ji .d/ = µ/enclosed 
ABCD 

A 
di p 

X X X X X X X 

--> 
di 

-C --> D 
di 1' 

X X X 

>+----x-----+< 

Figure 4.66 

B 
--> 

--> ---14. 
di 

-----
X X· 

iA!m 

--:. 
B 

C 

As linear current density in the sheet is i Alm, the current in 
length x of the sheet which is enclosed by the path ABCD is 
given as ix ampere which gives 

p 1i.t11 = µ0(ix) ... (4.82) 
ABCD 

In above equation to solve the line integral on LHS of 

Magnetic Eff~ts of ~lf~erlts ~~ C_!_~~!?31-Ma9fleti$ni7 
equation-(4.82) we split the integral for the different parts of 
the closed path AB CD similar to the analysis we did for solenoid 
as 

B C D A 

Js-di + JB-dl + Js-dl + Js-dl = µ0 (ix) ... (4.83) 
A B C D 

Second and fourth term in LHS, the magnetic induction is 

perpendicular to the element along paths BC and DA thus dot 
product will result zero and for paths AB and CD magnetic 

field is uniform and parallel to the element this gives 

=> 

=> 

=> 

B D 

BJ dl+BJ di= µ
0
(ix) 

A C 

Bx+ Bx= µ0(ix) 

2Bx= µ0(ix) 

1 . 
B= -µ,, 

2 
... (4.84) 

Expression in above equation-(4.84) is same as obtained in 
equation-(4.44) which we solved by using long integration 
process. 

4.4.8 Magnetic Induction due to a Large and Thick 
Current Carrying Sheet 

Figure-4.67 shows the cross section of a thick large sheet of 
thickness d. The current flowing in the sheet is having a current 

density J A/m2• As discussed earlier in this case also the 
direction of magnetic induction above and below the sheet is 
given by right hand thumb rule as shown in figure-4.45. To 
determine the magnetic induction magnitude at point P outside 

the sheet we consider the rectangular path ABCD with pointP 

located on the line AB of the path as shown in figure-4.67. 

The dimensions of the path are AB= x and BC= y. By applying 
Ampere's law on this path we have 

P B · di = µ/endosod 
ABCD 

A -
--> 

--> B di -
X X X X X 

-}(-- ----- -------- --· 
I J 

" X X X X 
Afm2 

JI 
~ 

B 
--> 
di 

C . D 

M-----x-----
Figure 4.67 
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As current density in the cross section of sheet is J Nm2
, the 

current in length x of the sheet which is enclosed by the path 

ABCD is given as Jxd ampere which gives 

<Ji B · di = µ0(Jxd) ... (4.85) 
ABCD 

In above equation to solve the line integral on LHS of 
equation-(4.85) we split the integral for the different parts of 

the closed path ABCD similar to the analysis we did earlier as 

B C D A 

Js-d1 + Js-di + Js-dl + Js-di = µ0 (Jxd) ... (4.86) 
A B C D 

Second and fourth term in LHS, the magnetic induction is 
perpendicular to the element along paths BC and DA thus dot 
product will result zero and for paths AB and CD magnetic 
field is uniform and parallel to the element which gives 

B D 

Bf dl+Bfdl =µo(Jxd) 
A C 

~ Bx +Bx= µo(Jxd) 

~ 2Bx= µo(Jxd) 

I 
~ B= -µ,Jd ... (4.87) 

2 

To determine the magnetic induction at interior points of the 
thick sheet at a point P at a distance x from the central plane 

of the sheet as shown in figure-4.68, we consider a rectangular 
path ABCD as shown with dimensions AB = y and BC= 2x. 
On applying Ampere's law on this path, we have 

J, B·dl= µ T 'f O" enclosed 
ABCD 

y 

___ .. I _______ _ 

-Xi 

Figure 4;68 

As current density in the cross section of sheet is J Nm2
, the 

current enclosed by the Ampere's path ABCD is given as J(2xy) 

which gives 

<Ji B · di = µ0(2lxyJ ... (4.88) 
ABCD 

In above equation to solve the line integral on LHS of 
equation-(4.88) we split the integral for the different parts of 
the closed path ABCD similar to the analysis we did earlier as 

8 C D A 

fs-di + fs-a1 + fs-at+ fs-di = µ0 (2lxy) ... (4.89) 
A B C D 

Again like previous analysis second and fourth term in LHS 
of the expression above, the magnetic induction is 
perpendicular to the element along paths BC and DA thus dot 
product will result zero and for paths AB and CD magnetic 
field is uniform and parallel to the element this gives 

B D 

BJ dl+BJ di= µo(2Jxy) 
A C 

~ By+ By= µo(2Jxy) 

~ 2By = µ,(2Jxy) 

~ B= µ,Ix ... (4.90) 

From equation-(4.87) and (4.90) we can plot the variation of 
magnetic induction with distance from the central plane of a 
thick sheet which is shown in figure-4.69. 

B 

! ~Jd -------·,::------

' ' ' x=-d/2 1 

Figure 4.69 

4.4.9 Unidirectional Magnetic Field in a Region 

X 

Consider the configuration of magnetic lines of forces as shown 
in figure-4.70 in a region. In this region at every point in 
space magnetic field is in same direction but the density of 
magnetic lines is different that means in this region magnetic 
induction is not uniform everywhere. If in this region we 
consider a rectangular path PQRS as shown in figure and we 
apply Ampere's law on this path PQRS then it gives 

... (4.91) 

Q R 

' 
p s 

Figure 4.70 
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Right hand side of the above equation is zero as there is no 

current enclosed in the closed path. Equation-(4.91) can be 
expanded for the integrals on the four straight line paths as 

Q R S P 

Jo.di+ Jo.d1 + Jo.d1 + Jo.di = a ... (4.92) 
P Q R S 

For the path segments PQ and RS we can see that magnetic 

induction vector and di are perpendicular to each other so 

first and third term of the above equation will vanish and if B 1 

and B2 are the magnetic inductions at path segments QR and 

SP which are oflengths x then we have 

... (4.93) 

Thus it is clear that above situation is possible if and only if 
magnetic induction at path segments QR and SP are equal. 

This means the configuration of magnetic lines which is shown 

in figure-4.70 is practically not possible. With the above 

. analysis we can also state "lf in a region of space magnetic 
field is unidirectional then at every point of space it must be 
uniform in magnitude also." 

# lllustrative Example 4.14 

Figure-4. 71 shows a coaxial cable which consist of an inner 

solid cylindrical conductor of radius a and outer hollow 

cylindrical shell with inner radius b and outer radius c. A 

current I flows in both conductors in opposite directions as 

shown. 'Find the magnetic induction at a point located at a 

distance r from central axis with b < r < c. 

Figure 4.71 

Solution 

In the figure-4.72 shown below we consider a point P at a 

radial distance r from the axis and consider a circular path M 
which passes through point P. 

Magnetic Effects oi Currents and-cf,;'ssl,;;;, Magn~~ 

Figure4,72 

The current enclosed by the closed path M can be given as 

I = I enclosed 

Using Ampere's law on the path M gives 

f B·dl = µ0 [1 / 2 x1t(r
2 -b2)] 

M 1t(c -b ) 

[
c2 ,2] 

B(21tr) = µof c2 -b2 

B= µo/(c2 _,.2) 
21tr c2 -b2 

# Illustrative Example 4.15 

Inside a long straight uniform wire ofround cross-section, 
there is a long round cylindrical cavity whose axis is parallel 
to the axis of the wire and displaced from the axis by a distance 
T. A direct current of density J flows along the wire. Find 
the magnetic induction at a general point inside the cavity. 
Consider, in particular, the case / = 0. 

' 

Figure 4,73 
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Consider a cross-section of the cylinder perpendicular to its 
axis as shown in figure-4. 73. The cylindrical cavity is shown 
at a distance I from the axis 0 of the cylinder. We will calculate 
the magnetic induction at the point P inside the cavity. The 
cavity means ari absence of current which we consider as an 
equivalent opposite current of same current density in the 
cavity. Magnetic induction at point P inside cavity is given 
by subtracting the magnetic induction due to opposite current 

considered in cavity region from the total magnetic induction 
at P due to complete solid cylindrical wire which is given as 

Figure4.74 

Expressions for the magnetic induction due to wire and that 
due to the opposite current in cavity is given by using 
equation-(4.77) as 

=> 

- I J- I . J­
Bp = 2µ, Yi - 2µ, xi 

--- (4.94) 

Above expression of magnetic induction as given in 
equation-(4.94) is a uniform magnetic induction in the 
direction. normal to the line joining 00' as shown in fignre­

. 4.74. 

If separation between 0 and 0' becomes zero then the cavity 
will be coaxial with the axis of cylindrical wire and from 
above expression given in equation-( 4.91) it gives there is no 
magnetic field in the cavity or inside of a hollow cylindrical 
current carrying wire. 

331 

# Illustrative Example 4.16 

In a long cylindrical wire of radius R, magnetic induction varies 
with the distance from axis as B = er". Find the function of 
current density in wire with the distance from axis of wire. 

Solutiou 

At a distance r from the axis of wire we consider a closed path 
Mas shown in fignre-4.75. We apply Ampere's law on this 
path gives 

--t --t f B-dl = µ/,ndosed 
M 

If J(x) is the current density inside the wire as a function of 
distance x from the axis of wire, the enclosed current within 

the closed path Mis given by integrating the current in the 
elemental ring ofradius x and width dx considered in the cross 
section of wire as shown in figure-4. 7 5 given as 

=> 

=> 

1endosed = J J(x).1ru:,dx 
0 

Figure4.75 

' 
Bfdl = µoJJ(x).2ru:.dx 

M 0 

' 
B(21tr) = µ0 J J(x).1ru:.dx 

0 

' 
er"+ I= µ0J J(x).x.dx 

0 

Differentiating the above expression with respect to x gives 

(a+ !)er"= µ(f(r). r 

=> (
(a+ l)c) a-I J(r)= r 

µo 

Study Physics Galaxy with www.puucho.com

www.puucho.com



# lllustrative Example 4.17 

Figure-4.76 shows a region of space in which a uniform 
magnetic induction B0 is present between the planes z = 0 
and z = a. Using Ampere's law prove that such a field cannot 

· exist between two planes as described here. 
z 

' 

__ _______________________________________ z=a 

-f------------------+' X 

Figure 4,76 

Solution 

For the given magnetic field we consider a small rectangular 
path PQRS partly above and partly below the plane z = a as 
shown in figure-4.77. Now we apply Ampere's law on this 
path which gives 

<fi s.di=O 
PQRS 

, .. (4.99) 

z 

Y...--~R 
-- ---- ,t ___ i------------------------ z=a 

. 

. 
-1f-----------------· X 

Figure4.77 

Right hand side of the above equation is zero as there is no 
current enclosed in the closed path. Equation-(4.95) can be 
expanded for the integrals on the four straight line paths as 

Q R S . P 

fs.di + Js.di +Jo.di+ Jo.di= o ... <4.96) 
P Q R S 

For the path segments PQ and RS we can see that magnetic 
induction vector and di are perpendicular to each other and 
for the path segment QR it is located outside the magnetic 
field where no magnetic induction exist so first, second and 
third term of the above equation will vanish and as B0 is the 
magnetic inductions at path segments SP which is considered 
oflengths x then we have 

Magnetic_E_ff~_ts of-Currents and Classicaf'Magn~ti~ 

0+0+0-Ba>:=0 

Tons with by applying Ampere's law on the path shown in 
above figure we getB0 = 0 that means such a non-zero magnetic 
field cannot practically exist. 

# lllustrative Example 4.18 

Figure-4.78 shows a toroidal solenoid whose cross-section is 
rectangular in shape. Find the_ magnetic flux through this 
cross-section if the current through the toroidal winding is I, 
total number of turns in winding is N, the inside and outside 
radii of the toroid are a and b respectively and the height of 
toroid is equal to h. · · 

b 

Flgure4.78 

Solution 

To find the magnetic flux through the cross section shown in 
figure, we consider an elemental strip of width dx at a distance 
x from the axis of toroid as shown in figure-4.79 . 

b 

;--•~---1•>11 i+-d.r f-~·~--, ii 

Figure4,79 

" ' 

The magnetic field at a distance x from the axis of the toroid 
is given as 
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Magnetic flux through an elemental strip ofradial thickness the cable for (a) r <a.; (b) a< r <band (c) b < r < c 
dx and height h as shown in figure is given as ----+ i' 

d$= B.dS = BdS 

di-= µoNI hdx 
"' 2m · 

Total magnetic flux through the cross section of the toroid is 

given by integrating the above elemental flux within limits 
from a to b which is given as 

b - f µoNih dx 
$- 2m 

a 

b 
_ µ0Nlh f _!_ dx 

$- 27' X 
a 

µoNih [ ] $= -- lnb-lna 
27' 

$ = µoNih In (1!.J 
2n a 

I ,------------· 
Web Refer~m£~:~www.physicsgalaxy.com 

Age Gr911p - .Grade 11 & 12 I' Age 17-19 Years 
Se~tion. 'Magnetic Effects 

i. Topic , M:"l);netic, Effects of Current 
,'. ' Module Number - 21 to 35 --·---.. ---- ., _______________ ..., 
Practice Exercise 4.2 

(i) A tightly wound long solenoid having n turns per unii 
length is kept above a large metal sheet carrying a surface 
current oflinear current density i Alm. The solenoid is oriented 
such that magnetic induction at its center is found to be zero 
when a current is passed through it. 

(a) Find the current in the solenoid 

(b) If the solenoid is rotated by 90° then find the magnetic 
induction at the center of solenoid. 

[(a) ;n ; (b) 1 l 
(ii) A coaxial cable carries the a current i in the inside 
conductor of radius a as shown in figure-4.80 and the outer 
conductor of inner radius b and outer radius c carries a 
current i' in opposite direction. Find the magnetic induction 
due to the coaxial cable at distance r from the central axis of 

Figure 4.80 

[(a) µ,ir ; (b) µ,i ; (c) h..[1-i'('' -b')] l 
2M2 21tr 21tr c 2 -b2 

(iii) A thin conducting strip of width his tightly wound in 
the shape of a very long cylindrical coil with cross-sectional 
radius R to make a single layer straight solenoid as shown in 
figure-4.81. A direct current I flows through the strip. Find 
the magnetic induction inside and outside the solenoid as a 
function of the distance r from its axis. 

Figure4.81 

[µ,I ~1-( h )'' µ,I l 
h 2n.R 21tr 

(iv) A long cylinder ofuniform cross-section and radius R 
is carrying a current i along its length and the current density 
is uniform. There is a cylindrical cavity of uniform cross­
section and radius r in the cylinder parallel to its length. The 
axis of the cylindrical cavity is separated by a distance d from 
the axis of the cylinder. Find the magnetic field at the axis of 

cylinder. 

--

Figure 4.82 
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(v) Two straight infinitely long and thin parallel wires are 4.5 Electromag11etic l11teractio11s 
spaced 0.lm apart and carry a current of!0A each. Calculate 

the magnetic induction at a point distant 0. lm from both wires 

in the two cases when the currents are in the (a) same and 
(b) opposite directions. 

[(a) 3.46 x 10-s T; (b) 2 x I 0-5 T] 

(vi) A capacitor of capacitance C is connected to a battery 

of EMF E for a long time and then disconnected. The charged 

capacitor is then connected across a long solenoid having n 

turns per meter in its closely packed winding on its core. 

After connections it is found that the voltage across the 

capacitor drops to Ell] in a time l!.t. In this period estimate 

the average magnetic induction at the center of solenoid. 

[ µ,nCE(i-,-.!.)] 
IJ.t ~ 

(vii) A current I flows along a lengthy thin walled tube of 

radius R with a longitudinal slit of width h. Find the magnetic 

induction inside the tube under the condition h << R. 

(viii) A direct current I flows along a lengthy straight wire 

which terminates perpendicularly on an infinitely large 

conducting plane. From the point 0, the current spreads all 

over the infinite conducting plane. Find the magnetic 

We've already discussed in beginning of this chapter about 
how electric and magnetic fields interact with static and 
moving charges. Electric field can exert force on both static 
and moving charges whereas magnetic field can only exert 
force on moving charges. As motion is always measured in a 
specific reference frame thus magnetic force is also dependent 
upon frame. Actually the electric and magnetic forces acting 
on a charge particle are two types of a single force called 
'Electromagnetic Interaction' which is the net force applied 
by these force fields on a charge. When the situation is observed 
from different frames ofreferences then for all inertial reference 
frames the net electromagnetic force on charge particle remain 
same like what we discussed in topic of statics and dynamics 
but from different frames the electric and magnetic force 
vectors may be measured differently. Always the vector sum 
of electric and magnetic forces experienced by a charge particle 
remain constant in all inertial frames which gives the total 
electromagnetic force on the specific charge particle. In 
upcoming articles we will discuss upon these forces in more 
details. 

4.5.1 Electromagnetic Force on a Moving Charge 

When a charge q moving at velocity v enters in a region of 
magnetic field with magnetic induction jj , it experiences a 
force given as 

F' =q(vxB) ... (4.97) 

inductionatallpointsofspaceaboveandbelowtheconducting If in space electric field E also exist then the net 
plane at a distance r from the axis of wire. electromagnetic force on the charge particle is given as 

[ µ,I OJ 
2nr' · 

I 

0 

Figure 4.83 

(ix) A toroid of total 1000 turns is made by using a tore of 

averag~ radius 25cm. What is the magnetic induction inside 

the tore if a current of2A is passed through it and the relative 

magnetic permeability of the tore material isµ,= 100. 

[16 x 10-2 T] 

F' = qE +q(vxB) ... (4.98) 

The expression of force as given in equation-(4.98) is called 
'Lorentz Force Equation' which gives net electromagnetic force 
on a particle. First term in above equation is the electric force 
on charge and· second term is the magnetic force on charge. 
The two forces may be different as observed from different 
frames ofreference but for all inertial reference frames the 
total force given by this equation will be a constant. This is 
because in different frames due to their motion the effective 
electric and magnetic field changes as variation in one field 
induces the other and vice versa. This phenomenon ofinduction 
of one field due to variation in other will be studied in next 
chapter of electromagnetic induction. 

For some upcoming articles we will restrict our discussion 
only upto magnetic forces as we've already discussed about 
electric forces at a decent level in previous chapters. 
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4.5.2 Direction of Magnetic Force on Moving Charges 

As already discussed in previous article that the magnetic force 

on a moving charge in magnetic field is given by 

equation-( 4.97). 

The direction of magnetic force on charge particle can be given 

by the cross product using right hand thumb rule as shown in 

figure-4.84. 

This figure shows a region with magnetic field" in inward 

direction and a charge q enters the region with a velocity v 

toward right as shown. 

Using cross product in equation-( 4.97) we can rotate our right 

hand fingers from the direction of velocity vector (right) to 

the direction of magnetic induction vector (inward) and in 

this state direction ofright hand thumb gives the direction of 

magnetic force shown in figure-4.84. 

: X X X X 

' ' -> 

' B 

~-
X X X 

• 
+q X X X X 

X .x X X 

X X X X 

Figure 4,84 

Right hand thumb rule is a common _way of finding the 

direction of magnetic force on a moving charge but in many 

three dimensional cases another method 'Right Hand Palm 

Rule' is also very helpful in determining the direction of 

magnetic force which is stated as 

"Stretch your right hand palm with fingers straight and thumb 

in same plane. If you point fingers along the direction of 

magnetic induction and thumb along the direction of velocity 

of positive charge motion then area vector of your right hand 

palm gives the direction of magnetic force." 

For the above case shown in figure-4.84 we can also determine 

the direction of magnetic force using right hand palm rule as 

shown in figure-4.85. 

w~, '""''r' '':m l 

' X X X X 

' ' ' ' _Jx X X X 

X X X X 
+q : 

' ' ' X X X X ' ' ' -> 
' B ' ' ' X X X X 

-> 
F Jt_, 

Figure4.85 

In many cases right hand palm rule is advantageous to apply 

so in upcoming cases we will prefer to use right hand palm 

rule however students are free to use any of the rule whichever 

they feel comfortable. 

4.5.3 Work Done by Magnetic Force on Moving Charges 

From equation-( 4.97) it is clear that direction of magnetic force 

is always perpendicular to instantaneous velocity of the particle 

thus it can never do work on freely moving charge particles. 

Thus in magnetic field we can state that speed of a freely 

moving charge particle can never be changed due to magnetic 

forces acting on it. 

As-magnetic force acts in direction perpendicular to the 

instantaneous velocity of particle, it can change the direction 

of motion of the moving charges. In upcoming articles we 

will discuss different cases of projection of charge particles in 

magnetic field. 

4.5.4 Projection of a Charge Particle in Uniform Magnetic 

Field in Perpendicular Direction 

When a charge particle with charge q is projected with an 

initial velocity v in magnetic field from point A as shown in 

figure-4.86 then as velocity is perpendicular to magnetic field, 

the magnetic force on charge at point A can be calculated by 

equation-(4.97) which is given as 

F=qvB ... (4.99) 
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' ' 
X X 

X 

Figure 4.86 

By right hand palm rule direction of force on q at point A is in 

vertically upward direction as shown. Due to this force the 

direction of motion of charge changes and with the change hi 
direction of velocity ofcharge, the direction of magnetic force 

on it also changes with motion. As speed of particle is constant 

and force on it is always in normal direction so motion of 

particle will be circular and the magnetic force will provide 

the necessary centripetal force for this uniform circular motion. 

If particle is moving in a circle of radius R, we have 

mv' 
qvB=­

R 

R= mv 
qB 

... (4.100) 

The angular speed of particle in circular motion is given as 

v qB 
ro= -= -

R m ... (4.101) 

Time period ofrevolution of particle in circular motion is given 

as 

2it 2itm 
T=-=-

co qB ... (4.102) 

From equation-(4.101) and (4.102) we can see that the 

revolution angular speed and time period does not depend upon 

the projection' speed of particle, it only depends upon the 

specific charge and magnetic induction magnitude in the 
region. 

4.5.5 Projection of a Charge Particle from Outside into a 
Uniform Magnetic Field in Perpendicular Direction 

Figure-4.87 shows a situation in which a charge particle with 

charge q, mass m and moving at a velocity v is projected toward 

----- -·- -- '. --~;;;i Magnetic Effects ~f Currents and Classical-Magnetisnf 

a region of magnetic field such that its velocity is perpendicular 

to the magnetic field as well as its boundary as shown. 

As soon as the particle enters the region of magnetic field, it 

experiences a magnetic force F = qvB of which the direction 

is given by right hand palm rule shown in figure. As discussed 

in previous article, the path of motion will be circular with 

center lying on the line of action of the force acting on it. The 

particle will follow a circular arc and come out of the field as 
shown. The radius of the circular arc is given by 

equation-(4.100). 

q 

I X 

I 

I 
I X 

I 
I 
I 
I 

C X 

I 

X 

X 

X 

I R 

F X X 

I 
I X X 

Figure4.87 

X X 
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There can be many different cases of motion ofa charge particle 
which enters into a region of uniform magnetic fie~d with its 

velocity perpendicular to the magnetic field direction. In all 
cases the motion of particle will be a circular arc after it enters 
into the magnetic field and till it comes out. Some of the cases 
are shown in figure-4.88. 
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In each case when particle enters the magnetic field we can 
find the direction of magnetic force on particle and somewhere 
on the line of force we can locate the center of circular trajectory 
of particle and draw the arc until it comes out of the field. 

Always remember that a charge particle which is projected 
into a magnetic field from outside space will never be able to 
complete the circle inside the field, it will certainly come out 
at some point. To complete the circle in magnetic field particle 
must be projected from a point inside the field as discussed in 
article-4.5.4 or this is possible if magnetic field vary with time 
in some cases, discussion of such cases is beyond the scope of 
this book. 

4.5.6 Projection of a Charge Particle in Direction Parallel 
to the Magnetic Field 

When a particle is projected such that its velocity vector is 
parallel to the direction of magnetic induction then from 
equation-( 4.97) the magnetic force on the particle is zero and 
hence the trajectory of particle will be a straight line as shown 
in figure-4.89. 

F=0 ... (4.103) 

____;; --------------------
+q 

Flgure4.89 

4.5.7 Projection of a Charge Particle at Some Angle to the 
Direction of Magnetic Field 

Figure-4.90 shows a particle with charge q and mass m is 
projected with initial speed v at an angle 0 with the direction 
of magnetic field vector of magnetic induction B. In this case 
the magnetic force on the charge particle can be calculated by 
equation-(4.97) which is given as 

F=qvB sin8 

jv 
~il 

~q 
-> 
F® 

A 

FL= q(v sin8)B 
vsin8 

0 

V 

vcos8 
Fu~o 

Figure4.90 

... (4.104) 

At the point A where the particle enters the magnetic field 
region, we resolve the particle's velocity in two rectangular 
components along and perpendicular to the magnetic field 
which are vcos8 and vsin8. 

In this case the component vcos8 is parallel to the magnetic 
field direction so it will not experience any magnetic force 
and due to this component we can consider the motion of charge 
particle will be straight line. 

Other component vsin8 is perpendicular to the magnetic field 
direction on which the magnetic force will be given by 
equation-(4.104) and the direction of this force is into the plane 
of paper (inward) which is given by right hand palm rule as 
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shown in figure-4.9O. As the component vsin0 is perpendicular 
-to the direction of magnetic induction, the motion due to this 
component will be circular and effectively if we see the 
resulting motion of charge particle due to the two velocity 
components then it will be a helical trajectory as shown in 
figure-4.91(a). 
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Figure-4.9l(b) shows the side view of figure-4.9l(a) if it is 
seen from left side. In this view only the component vsin0 is 
seen as other component vcos0 is into the plane of paper. 

Thus whenever a charge is projected in a magnetic field at 
some angle, its trajectory is helical as shown above with radius 
of helical path is given as 

mvsin0 
Ru= qb ... (4.105) 

Another characteristic of the helical path is considered as its 
pitch PH which is the distance travelled by the particle along 
the axis of helical path in one revolution as shown in 
figure-4.9l(a) which is given as 

21tm 
p =vcosex--

H qB 

p = 21tmvcose 
H qB ... (4.106) 

The helical trajectory of the particle is enveloping a cylindrical 
region of which the cross section is seen iu figure-4 .. 9l(b); In 
this view particle is observed in uniform circular motion with 
speed vsin0. 

4.5.8 Deflection of a Moving Charge by a Sector of 
Magnetic Field 

Figure-4.92 shows a sector of magnetic field of width d. A 
charged particle of mass m and charge q is projected toward 
this sector in perpendicular direction at velocity v. When the 
charge enters into the magnetic field, it experience a magnetic 
force F= qvB and follows a circular trajectory ofradius given 
byequation-(4.10O) about the center C as shown in figure. If 
width of the sector is less than its radius then particle will 
come out ofit after getting deflected by an angle of deviation 
o as shown in figure. 

l+---d-
' ' I I 
I X X X I 

' ' ' ' I f 
c~.... ! 

16x ',, x x I 
l '--.. ~ : 
I ', 6 I 

I d ','<'1 
Dr 

,m._ ___ v _ _./,-.x-._,:::: __ x /~6 1,B 
+q A1 x x x 

' ' ' ' ' ' ' ' I X X X 

X 

'. 
' 

X 

Figure4.92 

X 

From the above figure we can calculate the angle of deviation 
in direction of motion of particle which is given from MJCD 
as 

. d 
smo= -

R 

. • d 
sm O = (mv I qB) 

•- . -1(qBd) u- Slll --
. mv 

... (4.107) 
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If in above situation the sector width is more than the radius 
of circular trajectory of the particle then as shown in figure-
4.87 we can state that angle of deviation will be 180° and 
particle will return in the direction opposite to that at which it 
enters the magnetic field after following a semi-circle in the 
field. 

# Illustrative Example 4.19 

A charge 4µC enters in a region of uniform magnetic field 

with a velocity (4/ - 7}) mis experiences a force (Si -C}) N. 

Find the value of C. 

Solution 

As we know magnetic force is always J_ to velocity of charge 
particle, given as 

ftm = q(vxB) 

As ft is_!_to vweuse 

ft.,;=0 

=> (5i-C]).(4i+7}) =0 

20-7C=O 

20 
C=-

7 

# lllustrative Example 4.20 

A charge particle of mass m and charge q is accelerated by a 
potential difference V volt. It enters in a region of uniform 
magnetic field Bas shown in figure-4.93. Find the time after 
which it will come out from the magnetic field. 

+q 

' ' ' X 

' 

X 

X 

X 

X 

X 

X 

X 

Figure 4,93 

X X 

II 

X X 

X X 

X X 

X X 

Solution 

As charge is accelerated at a voltage V, the kinetic energy gained 
by the particle is written as 

I 2 
qV= 2nzv 

As particle's velocity is perpendicular to the applied magnetic 
field, it follows a circular path with center lying on the line of 
force which acts on the particle when it enters the field as 
shown in figure-4.94. The angular speed of particle during its 

circular motion is given as 

ro= qB 
m 

' ' X ' X 

' 
X X 

'', I ',, 
' ' 
! X '" 

X X X 

+q r ',,, -~---~}-;{ 
X X 

21t- 28 a, 
F. 

X X 

X X 

Figure4.94 

From above figure we can see that in the magnetic field the 
particle follows a circular arc subtending an angle 21t - 20 at 
C so time spent any particle in magnetic field is given as 

2it-20 
t=. 

0) 

2m 
t= -(it-0) 

qB 

# Illustrative Example 4.21 

A proton ofcharge 1.6 x l0-19Cand massm= 1.67 x to·27 kg 
is shot with a speed 8 x 106 mis at an angle of 30° with the 
X-axis. A uniform magnetic field B = 0.30T exists along the 
X-axis. Show that path of the proton is a helix. Find the radius 
and pitch of the helical path followed by the proton. 

Solution 

The velocity com::,onents of the proton are given as 

v, = V COS 30° = (8 X ] 06) (0.866) 

V, = 6.93 X ]06 mis 
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[i2.:<'.J'(-- ,· ,--- . _ .. 
v, = V sin 30°',= (8 X 106) X (0.5) 

Vy= 4.0-X J06 m/s 

The magnetic force due to v, is given as 

F= qv,B sin 0° = 0 

Magnetic Effec~~:c._urrents an,(Ciassic'at M_agrfe!f~i!IJ 

The frequency of revolution is given as 

V 2.6xJ07 
n = - = ----- 9.2 X J06 ,rl 

2rrr 2x3.14x0.45 . 

The kinetic energy of a-particle is given by 

I 2 K= -mv 
2 

The magnetic force due to v, has nox-component so the motion 

along x-axis is uniform at speed v, and due to v,proton moves ~ 
in circular path and overall motion will be helical. 

I 
K= 2x 6.8 x J0-27 x 2.6 x 107 J 

The radius of circular transverse motion is given as 

mv, (l.67xl0-27)(4xl06) 
r= - = = 0.139m 

qB (l.6xl0-19 )x0.3 

Thus radius of the helix is 0.139 m. 

Time taken to complete one circle in transverse motion is 

T= 2rrr = 2x3.14x0.139 = 2_16 x 
10

_7s 
Vy 4xJ06 

The pitch of the helix is the distance travelled by the proton 
along x-axis in time Twhich is given as 

p=v,x T 

~ p= (6.93 X J06) X (2.J9 X J0-7) 

~ p= 1.515m 

# lllustrative Example 4.22 

An a-particle is describing a circle ofradius 0.45m in a field 
of magnetic induction of 1.2T. Find its speed, frequency of 

revolution and kinetic energy. What potential difference will 

be required which will accelerate the particle so as to give 
this much of the kinetic energy to it? The mass of a-particle 

is 6.8 x 10-27 kg and its charge is twice the charge of electro!!. 

Solution 

In case of circular motion in magnetic field we use 

mv2 

F=evB= --

eBr 
v=­

m 

r 

Substituting the given values, we get 

v = 3.2xl0-
19

xl.2x0.45= 2_6 x !07 m/s 
-6.8x!0-27 

~ K= 2.3 x 10-12 J 

2.3xl0-12 
K=---eV 

l.6x!0-19 

K= 14 x 106 eV = 14 MeV 

An electron will acquire this amount of energy (l 4Me V) when 
it is accelerated through a potential difference of 14 x 106V. 

Since a-particle carries a charge twice that of an electron it 
will gain this much amount of kinetic energy when accelerated 
through half of the potential difference of electron which is 
7 x 106V. 

# lllustrative Example 4.23 

A small ball having mass m and with a charge q is suspended 

from a rigid support by means of an inextensible string of 
length /. It is made to revolve on a horizontal circular path in 
a uniform magnetic field of magnetic induction B which is in 
vertically upward direction. The time period ofrevolution of 
the ball is T. If the thread is always tight, calculate the radius 
of circular path on which the ball moves. 

Solution 

The situation described in question is shown in figure-4.95 

Tcos 8 
qvB 

' ' ' 

T 

p 

0 

0_ .... -----,--,1 ------.. - -.. '} 

q ----.. !'!!~_a __ o ___ ............ .. 

Figure 4.95 

- For stable circular path we use 

Tcos0=mg 

and 
2 

Tsin0- qvB= mv 
r 

... (4.108) 

... (4.109) 
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From equation-(4.108) and (4.109) we have 

( mg ) sin 0 - qBrw = mrw2 

cos0 

From figure, we have 

r ~(I'-r') 
sin 0 = - and cos 0 = ~---

/ I 

mgr 2 =:, ,,~~= qBrw =mrw 
~(/

2 -r
2

) 

1 w' qBw 
--,,-===-+--
~([' -r') g mg 

p. .. , (1/ w)
2 

( -r)= 
[(w/ g)+(qB/mg)]' 

p. .. , (T /2rc)
2 

( - r)= 
[(2rc/ gT') + (qB I mg)]' 

r= [1' · (T /2rc)
2 

] 

{(2rc/ gT')+(qB/mg)}' 

# Rlustrative Example 4.24 

A particle of mass m = 1.6 x 10-27 kg and charge 

q = 1.6 x 10-19 C enters a region of uniform magnetic field of 

strength IT along the direction as shown in figure-4.96, the 

speed on the particle is I 07 mis. The magnetic field is directed 

along the inward normal to the plane of the paper. The particle 

leaves the region of the field at the point F. 

(a) Find the distance EF and angle 0. 

(b) If the direction of the magnetic field is reversed, find the 

time spent by the particle in the region of m,agnetic field after 

entering at E. 

X X 

9 
X X 

F 
X X 

E 
X X 

X X 

Figure4.96 

......... -... -- ... u 
.. ··-· ... ______ }~;; 

Solution 

(a) If the direction of magnetic field is directed along the 
inward normal to the plane of the paper, the path of the particle 

will be an arcofa circle ofradius OE as shown in figure-4.97. 

B X X 

9 

90° F X X 

R.,,,' 
, 

--4s0 o •'.lr ____ - C X X 
.. 45° 
i',,, 

90° E X X 

45 

A X X 

Figure4.97 

From the figure, we can see that 0 = 45° and we have 

EF= 2R cos 45° 

Radius of circular motion is given as 

mv l.6xl0-27 x!07 

R=-= . =0.lm 
qB lxl.6x10-19 

EF= 2 x 0.1 x (1/-./2) = 0.141m 

(b) If the direction of the magnetic field is directed along 
the outward normal to the paper, the path ECH of the particle 
in the region of magnetic field will be a circular arc in the 
clockwise direction with radius R as shown in figure-zz and 

from figure we can see that 

LEO'H=90° 

F 0 0 0 

E ,<:p R 0 0 
', 

' 45° ' 
I 0 :::-0·0 c0 

45' , , 

/R 
'0 0 0 

H 

0 0 0 

Figure4.98 

Radii O'E and O'H are perpendicular at points E and H so 

the length of arc is given as 
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1tR 31tR 
ECH=21tR- - = -

2 2 

Time spent by particle along arc ECHin the magnetic field is 
given as 

31tR 3x3.14x0.l 
t=-= 

2v 2xl07 s 

=> /= 4.7J X JO-S S 

# lllustrative Example 4.25 

In a right handed coordinate system XY plane is horizontal 
and Z-axis is vertically npward. A uniform magnetic field 
exist in space in vertically npward direction with magnetic 
induction B. A particle with mass m and charge q is projected 
from the origin of the coordinate system at t= 0 with a velocity 
vector given as 

Find the velocity vector of the particle after time t. 

Solution 

The velocity component v2 of the particle is along Z-axis and 
parallel to the magnetic field direction thus it will not 
experience any force and will remain constant. Due to the 
other velocity component v1 which is in positivex-direction, 
particle will experience a force in negative y-direction and it 
will follow a circular path with center lying at a point Cwith 
position coordinates (0, -R,O) initially. Due to both velocity 
components the resulting motion of the particle will be a 
helical trajectory with axis parallel to Z-axis passing through. 
the point (0,-R, 0). The angular speed of the particle in its 
helical path is given as 

qB 
OJ= -

m 

In a time t the particle will revolve by an angle 9 along XY 
plane which is given as 9 =OJI.Thus at time t after projection 
of the particle the velocity vector of particle is given as 

ii= v1cos8i' -v1 sin 9}'+ v
2
k 

=> (qBt). . (qBt) . . 
V = vl cos -;;; ; - VI Sill -;;; j + Vz k 

, Majlnetic Eitecls ~i@u~e~§~nd Classical. Mag1il,til;,jj~ 

Practice Exercise 4.3 

(i) A beam of singly ionized charged particles, having 
kinetic energy 1 OOOe V contain particles of masses 8 x 10-27 

kg and 1.6 x 10-26 kg emerge from one end of an accelerator 
tube. There is a plate at a distance O.Olm from end of tube. 
placed perpendicular to it. Find minimum magnetic induction 
in the region so that beam will not strike to plate. 

[./2TJ 

(ii) An electron moving with a velocity 108 mis enters a 
magnetic field at an angle of20° to the direction of the field. 
Calculate 

(a) The value of magnetic induction so that the helical 
path radius will be 2m. 

(b) The time required to execute one revolution of the 
helical path. 

(c) The pitch of helical path followed by the electron. 

[(a) 9.6 x 10-5T; (b) 3.69 x 10-7s; (c) 34.68m] 

(iii) A stream of protons and deuterons in a vacnum chamber 
enters a uniform magnetic field. Both protons and deuterons 
have been subjected to same accelerating potential, hence the 
kinetic energies. of the particles are the same. If the ion-stream 
is perpendicular to the magnetic field and the protons move 
in a circular path ofradius 15cm, find the radins of the path 
traversed by the deuterons. Given that mass of deuteron is 
twice that of a proton. 

[0.212ml 

(iv) An electron gun G emiis electron of energy 2keV 
travelling in the positive %-direction. The electrons are 
required to hit the spot S where GS= O. lm, and the line GS 
makes an angle of 60° with the X-axis as shown in figure-
4.99 a uniform magnetic field B parallel to GS exists in the 
region·outside the electron gun. Find the minimum value of 
B needed to make the electrons hit point S. 

s 

I 60' ---------- -- ------------•X _ __,lo 

Figure4,99 

[4.73 x 10-3T] 
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(v) A I 5000V electron is describing a circle in a uniform 
field of magnetic indnction 250G acting at right angle to it. 
Calculate tbe radius oftbe circle. 

[1.66cm] 

(vi) A slightly divergent beam of charged particles is 
accelerated by a potential difference V propagates from a point 
A along the axis of a solenoid. The beam is focussed at a point 
P at a distance I from A by two successive values of magnetic 
inductions BI and B2 one after another. Find specific charge 
of the particles. 

81t2V 
[ l'(B, -B,)' ] 

(vii) A direct current flowing through tbe winding of a long 
cylindrical solenoid ofradius R produces a uniform magnetic 
induction B in it. An electron travelling at velocity v enters 
into tbe solenoid along the radial direction between its turn 
at right angles to the solenoid axis. After a certain time tbe 
electron deflected by magnetic field leaves the solenoid. 
Calculate the time which the electron spends inside the 
solenoid. 

[ 2m tan-• (eBR)] 
eB mv 

(viii) Two long parallel wires carrying currents 2.5A and I 
in the same direction directed into the plane of the paper are 
held at points P and Q as shown in figure-4.100 such that 
tbey are .perpendicular to the plane of paper. The points P 
and Q are located at a distance of Sm and 2m respectively · 
from a collinear point R as shown. An electron moving w1tb 
a velocity of 4 x l 05 mis along the positiye x-direction 
experiences a force of magnitude 3.2 x 10-20 N at the pointR . 
. Find the value of I. 

[4A] 

P . Q R 
@------a@f-----+• ·----• 
2.5A / X 

14--2m-----+I 

1+-----5m------.i 

Figure 4.100 

(ix) In a right handed coordinate system XY plane is 
horizontal and Z-axis is vertically upward. A uniform magnetic 
field exist in space in vertically upward direction with 
magnetic induction B. A particle with mass m and charge q is 
projected from tbe origin of the coordinate system at I = 0 
with a velocity vector given as 

V =v/ +v2k 
Find tbe position coordinates oftbe particle after time I. 

mv, . (qBt) mv ( (qBt)) [-sm - ,- - 1 1-cos - ,vt] 
qBm qB m 2 

(x) Inside a cylindrical capacitor of inner radius a and outer 
radius b, an electron is projected from the surface of inner 
cylindrical shell perpendicular to it with an initial velocity. 
In the annular region between the two cylindrical shells a 
uniform magnetic induction B exist in direction parallel to 
the axis of capacitor. Find tbe maximum initial velocity with 
which tbe electron is to be projected so that it will not hit the 
outer shell. 

4.6 Magnetic Force on Current Carrying Conductors 

In previous articles we've studied that a moving charge in 
magnetic field experiences a force given by equation-(4.97). 
A current carrying conductor contains free electrons 
continnously flowing at drift speed. So if a current carrying 
conductor is placed in a magnetic field then all its free electrons 
will experience same magnetic force and due to this, overall 
the conductor will experience a net magnetic force which is 
the sum of magnetic forces on all its moving free electrons. 

There are many cases under which we'll study the force 
experienced by current carrying conductors. This force may 
cause translational or rotational motion of tbe conductors and 
will affect the overall motion as well. In upcoming articles 
and illustrations we will extend our knowledge of magnetic 
force for current carrying conductors. 

4.6.1 Force on a Wire in Uniform Magnetic Field 

Figure-4.46 shows a current carrying wire XY with current I 
placed in a region of uniform magnetic induction B. If the 
free ·electrons inside the conductor are moving at drift speed 
v d then each free electron will experience a magnetic force 

Fm=evJJ. 

X X X ~ X 
B 

X X 

X X 

y 

X X X X 

Figure 4.101 
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The direction of these forces on all free electron is given by 
right hand palm rule which is toward left as shown in figure. 
For applying the right hand palm rule in case of current 
carrying conductors we point thumb in the direction of current 
flow which is the flow of positive charges in the conductor as 
shown in figure-4.101. 

If n be the free electron density of the conductor, Sis the cross 
sectional area of this conductor then total number of free 
electrons in this wire XY are n/S. Thus total magnetic force on 
wire XY is given as 

F= evjl x n/S ... (4.110) 

In above equation-(4.110) nevd is the current density and 
product with the cross sectional_ area S gives the current so it 
can be rewritten as 

F=B/1 ... (4.111) 

If the direction of force is expressed in form of cross product 

then we use the vectors for length of conductor r and that for 
magnetic field iJ and the magnetic force vector on -current 
carrying conductor can be given as 

F = I(lxB) ... (4.112) 

Thus. if a wire is placed in a uniform magnetic field making 
an angle 0 with the direction of magnetic field as shown in 
figure-4.102 then the magnetic force on this wire is given by 
equation-(4.112) as 

F= B/lsin0 ... (4.113) 

The direction of this force can be given by cross product of 
equation-(4.112) which is into the plane of paper as shown. 

y 

/sin 8 

/cos9 Z 

Figure 4.102 

t / (along·/ sin 8) 

F(inward) 

L 

In the figure-4.102 magnitude of force on the wire can also be 
given by resolving its length into two components along and 
perpendicular to the direction of magnetic field. Here we can 
see that /cos0 is parallel to magnetic field so a current or a 
moving charge which is parallel to magnetic field will not 
experience any force as discussed in article-4.5.6. Other 
component lsin0 is perpendicular to magnetic field similar to 

Magnetic Effec~s ofputr~~t;,~ and Classical l..fa~ii~liIBJ 

the case shown in figure-4.101 thus the force on it is given.by 
equation-( 4.111) replacing I to /sin0 which gives 
equation-(4.113). 

4.6.2 Direction of Magnetic Force on Currents in Magnetic 
Field 

As discussed in previous article about direction of magnetic 
force that it can be given by cross product in equation-(4.112). 
Same can be given by right hand palm rule as already discussed 
for force on moving charges in magnetic field. In case of current 
carrying conductor we need to point right hand thumb along 
the direction of current which denotes the flow of positive 
charges. Figure-4.103 again illustrates the application of right 
hand palm rule for force on a current carrying conductor XY 
placed in a magnetic field. In this case the direction of magnetic 

· force on conductor XY is into the plane of paper (inward) . 

X 

i I (along l sin 8) 
~ 

-=~F..;(,__inward) 
o 

. ' 

y 

Figure 4.103 

Another way of determining the direction of magnetic force 
on current carrying conductors in magnetic field is by 
'Fleming's Left Hand Rule' stated below 

"To determine the direction of magnetic force stretch your 
index finger, thumb and middle finger of left hand in mutually 
perpendicular directions as shown in figure-4. 104 and orient 
your hand such that your index finger points in the direction 
of magnetic field and middle finger along the current then 
your left hand thumb will give you the direction of magnetic 
force on the conductor." 

Figure 4.104 

~ 

---+B 

"'-..~ 
/(along/) 
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The situation shown in Figure-4.103 is redrawn again in 
figure-4.105 in which we can verify the direction of magnetic 

force on wireXYby using Fleming's left band rule. 

X 

_, 
B -

y 

Figure 4.105 

While applying Fleming's left hand rule if sometimes current 

is not flowing in conductor at right angle to the direction of 
magnetic field then resolve the components of the length of 

the conductor and point middle finger in the direction of the 

length component normal to magnetic field. 

Students can also use Fleming's left hand rule to determine 

the direction of magnetic force on freely moving charges in 

magnetic field which is already discussed in previous articles. 

4.6.3 Force Between Tuo Parallel Current Carrying Wires 

Figure-4. !06 shows two parallel wires at a separation r and 

carrying currents 11 and 1
2 

in same direction. First wire is 

considered to be very long and second wire XY is of length /. 

The magnetic induction due to first wire at the location of 

second wire is in inward direction which is given as 

I, 

µ,I, 
B=-

1 2,cr 

X jT I 
F

0 
yl F. 

Figure 4.106 

... (4.114) 

f' 

~ F 

-
The force on second wire due to the magnetic field of first 
wire at its location is given by equation-(4.111) as 

F=B/,1 

~ F= (µ,J,)11 
2,cr 2 

µ,J/,/ 
~ F=-- ... (4.115) 

2,cr 

Above equation-(4. 115) gives the force ofinteraction between 
two parallel current carrying wires provided one wire is very 
long. The direction of magnetic force on wire.KY can be given 
by right hand palm rule as shown in figure-4.106 which is 
toward left. According to Newton's third law the force by second 
wire on first will be opposite i.e. in rightward direction. Thus 
the two wires will attract each other when they carry currents 
in same direction. If the direction of currents in the two wires 
is opposite then they will repel each other which can be easily 
proven by using right band palm rule, cross product or by 
using Fleming's left hand rule. Thus in general about force 
between two parallel current carrying wires we state that 

"Two parallel wires carrying currents in same direction attract 
each other and those carrying currents in opposite direction 
repel each other because of magnetic force between them." 

4.6.4 Magnetic Force on a Random Shaped Cnrrent 
Carrying Wire in Uniform Magnetic Field 

Figure-4.107 shows a random shaped wire AB carrying a 
current I placed in magnetic induction B. The distance between 
end points of wire AB is /. To analyze the magnetic force on 
wire we consider coordinate axes as shown in figure with x­
axis along AB and y-axis perpendicular to AB. 

X X X X 

X X 

X X 

X x dx::d/cos8 X X 

dy=dlsin0 

Figure 4.107 

If dF is the magnetic force on an element oflength di on the 
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wire then it is given as dF = Bid/ and direction of the force on 

di is shown in the figure-4.107 which is given by right hand 

palm rule. Now we resolve this force in two components along 

x and y axis as· dF, and dF, which are given as 

and 

dF, = Bid/sine = Bldy 

dF, = Bldlcose = Bldx 

... (4.116) 

... (4.117) 

Ifwe calculate the total force on wire AB by integrating above 
components, we have 

0 

Fx = J dF, = J Bldy = BI J dy = 0 ... (4.118) 
0 

0 

mg 

A C 

' ' e, 
' ' ' ' ' l 
' T ' ' ' ' ' ' ' ,---, , .. \D 

B• ' , __ ,/ 1, __ ., 

111. 
0.5cm •I 

mg 
1.5cm 

Figure 4.108 

and F,= J dF, = J,Bldx = BIJ dx = Bil ... (4.119) For equilibrium of conductors, we have 
0 

Thus total force on wire is along y-axis i.e. in direction 

perpendicular to the line joining the ends of wire AB and it is 
given as 

... (4.120) 

Above expression in equation-(4.120) shows that the net 
magnetic force on a random shaped current carrying wire 

· which is equal to the force acting on a straight wire carrying 

same current and which has length equal to the line joining 
the end points of the random shaped wire. 

If in this case we join terminals A and B of the wire and make 

a closed loop then I= 0 soF= 0. Thus we can also state that if 

there is a current carrying closed loop or coil then net magnetic 

force on the coil when placed in uniform magnetic field is 
zero. About current carrying coils or closed loops we will 
discuss in upcoming articles. 

# Illustrative Example 4.26 

Two parallel horizontal conductors are suspended by light 

vertical threads 75cm long. Each conductor has a mass of 

40g per metre, and when there is no current they are 0.5cm 
apart. Equal current in the two wires result in a separation of 
1.5cm. Find the values and directions ofcurrents. 

Solution 

The situation described in question is shown in the cross 
sectional view of the current carrying conductors in 
figure-4.108. 

· Tcos 0 = mg 

µ / 21 
Tsine=F= - 0

-
2rrd 

From equations-(4.121) and (4.122) we have 

µ0/2/ 
tan0= --

2rrdmg 

... (4.121) 

... (4.122) 

... (4.123) 

When 0 is small we use tan(J "'sine thus from figure we have 

1 . (J 0.5 X J0-2 

sm = =-, 
75x!0-2 150 

' Mass of each conductor of length I is given as 

m=40.0 X J0-3/kg 

Substituting the values in equatiou-(4.123), we get 

1 2x!0-7 x/2 

150 I.5xl0-2 x40x!0-3 xlO 

I= 14.14A 

As the two conductors are repelling each other, the currents 
are in opposite directions. 

# Rlustrative Example 4.27 

Two long straight parallel wires are 2m apart, perpendicular 
to the plane of paper as shown in figure-4.109. The wire A 

carries a current of9.6A, directed into the plane of the paper. 
The wire B carries a current such that the magnetic induction 
at the point P, at the distance of 10/llm from the wire Bis 
zero. Calculate 

(a) The magnitude and direction of the current in B. 
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(b) The magnitude of the magnetic induction at the point S. 

(c) The force per unit length on the wire B. 

A 

2m 

B 

Solution 

1.6m 

1.2m 

10/llm 
p 

Figure 4.109 

s 

(a) As the magnetic field of induction at point Pis zero, for 
this the magnetic induction atPproduced by current carrying 
wires should be equal and opposite so the direction of current 
in B must be opposite to that of A directed upward and 
perpendicular to the plane of the paper. 

Magnetic induction at P due to wire A is given as 

B = µoi1 
I 21tfi 

If current in wire B is taken as i2 then magnetic induction at 

P due to wire B is given as 

. -- --· --_____ 4_9_1 
----~·.c.·------'-'-'· 

(b) The magnetic field produced by wire A at S 

µoi1 2xl0-7 x9.6 
B ---- -----

3 - 2nri' - , 1.6 

The magnetic field produced by wire B at S 

µ. i2 B =-·- = 
4 2,c· r2 

B = 5 x 10-1T 
4 

2x10-7 x3 

1.2 

According to figure, LASB = 90° the distances AB, AS and 

BS are related as 

(AB)2 = (AS)2 + (BS)2 

Thus net magnetic induction at point Sis given as 

=> Bs= J(B; +BJ) 

=> Bs= l.3 x 104 

(c) Force per unit length on wire B·is given as 

µoi1i2 2xl0-7 x9.6x3 
F=--=-----

21trAB 2 
B = µoi2 

2 21tr2 => F= 2.88 x 10-6 Nim 

As net magnetic induction at point Pis zero, we have 

We have 

and 

µoi1 = µoi2 
2itlj 2itr2 

Yz • 
i = -Xll 
2 lj 

10 32 
r =AP= 2+- = -m 

I 11 11 

10 
~ =BP= -m 
2 11 

i = (lO/ll) x9.6 = 3A 
2 (32/11) 

Thus the wire B carries a current 3A directed upward and 

perpendicular to the plane of paper. 

# lllustrative Example 4.28 

A rod AB of mass m and length I is placed on two smooth rails 

P and Q in a uniform magnetic induction B as shown in 

figure-4.110. The rails are connected to a current source 

supplying a constant current J. Find the speed attained by rod 

AB when it leaves off the other end ofrails oflength L. 

X X X n X 

A p 

I X X X X 

B Q 
X X X X 

L 

Figure 4.110 
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Solution 

Due to magnetic force acceleration of rod AB when it slides 
on the rails is given as 

BIi 
a=­

m 

X 

X 

X 

X 

A 

F=B11 

X 
I 

B X 

L 

Figure 4.111 

X 
~ 

X 

B 
p 

-, 
'' ,, 
' l 
'f--v 
' X ' X 

' ' I 
fl 
'"1 

' Q 
,, 
!J 

X X 

As shown in figure-4.111 after travelling a distance Lon rails 
speed attained by rod v is given as 

v'-=d+2aL 

v= ..J2aL 

v= ~2~/L 

# Rlustrative Example 4.29 

Two long parallel wires ofnegligible resistance are connected 
at one end to a resistance R and at the other end to a constant 
voltage source of voltage V. The distance between·the axes of 
the wires is TJ times greater ti\an the cross-sectional radiµs of 
each wire. At what value of resistance R, does the resultant 
force of interaction between the wires will become zero? 

Solution 

Figure-4.112 shows the situation described _in the question .. 
The two wires form a wire capacitor of which capacitance is 
given as 

+ 
+ 

R 

T ----T\-----

+ 
+ 

Figure 4.112 

Magnetic ~ffec:ts_ <?f Cl!!:[<lntsj~iassicaTI;,ag~ti)J 

Charge on the capacitor in steady state is given as 

m:o/V 
q=CV=·-­

ln TJ 
... (4.124) 

Due to voltage source a constant current flows in the wires 
which repel each other by a magnetic force which is nullified 
by the force of attraction on the two wires due to opposite 
charges on the two wires as shown in figure. The force of 
attraction is given as 

FI= qE= q( 21te
0
i(rir)J ... (4.125) 

Substituting the value of q from equation-( 4.124) into ( 4.125), 

... (4.126) 

The current flow is in the opposite direction in the two wires 
so the net force of repulsion between these wires is gi-:en as 

µo/21 µ0(V/R)21 
F - -,- 21t(rir) - 27tTJr ... (4.127) 

As the net force between the two wires is zero we use 

(~r 
= 21ts0t(rir) 

# Rlustrative Example 4.30 

A rectangular loop of wire ABCD is oriented with the left 
corner at the origin, one edge along X-axis and the other 
edge along Y-axis as shown in the figure-4.113. A magnetic 

· field exist in space in direction perpendicular to the XYplane 
as shown and has a magnitude that is given as B = ay where 
a is a constant. Find the total magnetic force on the loop ifit 
carries current i. 

y 

®B 
B1-_.:,a ___ C 

a 

-A,1---+---LD----.x 

Figure 4.113 
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Solution 

Due to the magnetic induction the four segments of the wire 
loop experience the forces as shown in figure-4.114. On the 
segment DA as y = 0 the magnetic induction is also zero so 
no force will act so we have 

y 
F,c ®B 

B,._ _ _,,_..__,C 

F,, 

A ~1--,--+---'=D---+., 

Figure 4.114 

At the location of wire BC we have y = a at which we have 
B = a.a so the force on this segment is given as 

F8c = BIi = (aa)ia = a.ia2 

For the remaining two segments AB and CD the forces are 
opposite and equal as for every element on segment AB at a 
position y there is a corresponding element on CD at same y 
for which the force is equal and opposite so the two forces on 
these segments will cancel each other so _total force on the 
wire loop is along y direction and it is given as 

- . 2'":. 
F =ma J 

# Illustrative Example 4.31 

An infinite wire, placed along z-axis, has current 11 in positive 
z-direction. A conducting rod PQ placed in xy plane parallel 
to y-axis has current /

2 
in positive y-direction. The ends of 

the rod subt~nd angles 30° and 60° at the origin with positive 
x-direction as shown in figure-4. 115. The rod is at a distance 
a from the origin. Find net force on the rod. 

y 

1

1 --

0

30: __________ _ 
p 

Q 

Figure 4.115 

- --- ...... ----51~] 
----- --·-«''--'----.....:;,. 

Solutio11 

To calculate the force on rod PQ we consider an element of 
. width dy at a distance y from the x-axis as shown in 
figure-4.116. The magnetic induction at the location of this 
element due to the wire at origin is given as 

The force on element due to the magnetic induction of wire 

at origin is given as 

dF= BI2dysiu0 

Net force on the rod PQ is given as 

F= fdF= f BI,dysin0 

F= f µ, 1 I dy y ..... w( J J ( J 
-atan60° 21t~a2 + y 2 2 

~a 2 + y2 

I I .,,.r, d 
F = &_u_ J -1'..2'._ 

2,c a' +y2 

-./ia 

F= µ,J,J, .!.1n(a2 + y') [ ]
,.,.r, 

2,c 2 -./i, 

F= µ,J,J, ln3 
4,c 

In above integration we ignore a negative sign as we are 
calculating the magnitude of force only aud the direction is 
given by right band palm rule. 

y 

Q 

Figure4.116 
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# Illustrative Example 4.31 

Magnetic Effecis ~of qur~ents and <,lassies I Magndl~m l 
Total force on the strip can be calculated by integrating the 

above force within limits from x =Ito x =I+ b which is given 

Figure-4.117 shows a long straight current carrying wire with as 

a current / 1 and a thin strip of width b and length I placed 
parallel to it with a current /2 as shown in figure. Find the 

magnetic force of interaction between current / 1 and / 2• 

' 

Figure 4.117 

Solution 

We consider an elemental strip of width dx in the strip at a 

distancex from the wire as shown in figure-4.118. The current 
in the elemental strip is given as 

di= 
12 

dx 
b 

I, 

X 

' 

dx 

Figure 4,118 

The force between /, and di is given as 

µ0/dl/ 
dF= Zru: 

I r+b 
F= f dF = µofi/2 J dx 

2xb X 

' 
F= µ0/1/,I [lnx]"b 

2irb ' 

# Rlustrative Example 4.33 

A copper wire with density p with cross-sectional area Sbent 

to make three sides of a square frame which can turn about a 
horizontal axis 00' as shown in figure-4.119. The wire is 

located in uniform vertical magnetic field. Find the magnetic 

induction if on passing a current/ through the wire the frame 
deflects by an angle 8 in its equilibrium position. 

Solution 

~ 

"'' ~~' ;:z, ____ J--------- ·\: 
_ ..... - I I\ 

' 0 \ \ 

9\ 
' ' ' ' --

'\_.. ............. .. 

Figure 4.119 

' ' 
..... -------" 

We consider the side of square wire frame is a. The horizontal 

wire of the frame will experience a rightward force BIi and 

due to this fore~ it experiences a torque about the axis 00' 
and the frame will tilt. Torque on frame about 00' is given as 

T = Bia x acos8 = Bla2 cos 8 

Figure 4,120 

This is the deflecting torque and at equilibrium this torque is 
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balanced by the torque on the frame due the weight mg of the 

three sides of the square acting at centre of the wires as shown 

in figure-4.12O so at equilibrium balancing of torques gives 

Bla2cos0= ~g xasin0+2( ~g }(~)sin a 

=:> Bla2cos0 = ¾ Mga sin 0 

2Mg 
B= --tan0 

3Ia 

Mass of square wire frame can be written in terms of its 
density, length and cross sectional area as 

M=3aSp 

B = 2(3aSp )g tan 0 
3Ia 

B = 2aSpg tan0 
Ia 

4. 7 Motion of a Charged Particle in Electromagnetic 
Field 

In previous articles we've studied the magnetic force on a 
moving charge and a current carrying conductor in magnetic 

field. There are many cases in which both electric and magnetic 
forces simultaneously act on a moving charge particle. We've 

discussed that the total electromagnetic force acting on a 

moving charge remain constant when observed from different 
frames of reference whereas electric and magnetic forces may 

be observed differently from different frames as these two forces 
are different ways to analyze a single force. called 
electromagnetic interaction. Right now we will restrict our 
mathematical analysis of the two forces in ground frame only. 

4. 7.1 Undeflected motion of a charge particle in Electric 
and Magnetic Fields 

When a charge particle is moving in a straight line in a gravity 

free region where both electric and magnetic fields are present 
then it is possible under two conditions. First condition is if 
electric and magnetic forces on the charge particle balance 
each other and act in opposite direction with equal magnitudes 
and second condition is when both electric and magnetic fields 
are in same direction and charge is also moving in that 
direction. In first condition the charge is in uniform motion 
whereas in second condition due to electric force charge would 

be accelerating. 

Figure-4.121 shows such a situation in which a charge q is 

moving in a region where mutually perpendicular electric 

and magnetic fields are present and charge is moving in 

direction perpendicular to both the fields. 

X X X 

X X X 

q 

X X X 

Figure 4.121 

... 
xB 

X 

l 

X 

In the situation shown in fignre-4.121 electric force on the 
charge will act in downward direction along the direction of 
electric field and the electric force on it is given as 

F,=qE 

The magnetic force on the charge will act in upward direction 

which can be given by right hand palm ruk The magnitude 
of the magnetic force on the charge particle is given as 

Fm=qvB 

If charge is moving undeflected in a straight line then the two 
forces must balance each other and condition for undeflected 
motion of particle is given as 

F =F , m 

=:> qE=qvB 

E 
... (4.128) =:> v= -

B 

4.7.2 Cycloidal Motion of a Charge Particle in 
Electromagnetic Field 

Figure-4.122 shows a coordinate system in which an electric 

field E exist along positive y-direction and a magnetic field of 

magnetic induction B exist along positive z-direction. At the 

origin of coordinate system a point charge of mass m and charge 
q is placed and it is released from rest. We will analyze the 
motion of this charge under electromagnetic forces acting on 

it. 
y 

jE 0B 

qE 

_,.q~---------------+x 
0 

Figure 4.122 
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Just after release of charge particle it experiences only an 
electric force qE in positive y-direction. Due to this force as 
charge starts moving and as it gains some velocity it starts 
experiencing a magnetic force in positive x-direction. The 
direction of magnetic force can be verified using right hand 
palm rule. Due to the magnetic force the direction of motion 
of the charge particle changes and it moves along a curved 
path as shown in figure-4.123. If we consider the charge 
particle at a general point P(x, y) then forces acting on it are 
shown in the figure. 

y 
0B 

V 

qE 

-~q+---------------+x 
0 

Figure 4.123 

The velocity components of the particle at point Pare given as 

and 

vx = vcos0 

vy = vsin0 

During motion of particle at any point the particle gains 
velocity only due to the work done by electric force as magnetic 
force does not do any work and will not cause any gain in 
speed of particle so at any point P(x, y) the kinetic energy of 
particle is given as 

I 
qEy= -mv2 

2 
... (4.129) 

If a, and ay are the accelerations of the particle along x and 
y-directions then net forces acting on the particle along x and 
y-directions are given as 

F, = ma,= qvBsinfJ 

and. FY= may= qE - qvBcosfJ 

a = dv, = qvBsinfJ = qv,B 
x dt m ·m 

... (4.130) 

dv, qE-qvBcosfJ 
a=-= 

Y dt m 
qE-qv,B 

... (4.131) 
m 

Dividing equations-(4.130) and (4.131) gives 

dvx = qv,B 
dv, qE-qvxB 

~ (E - V ,B) dv, = V ,fJdvy 

Mclgnetic effects ?~.¢µr'i811tS_ al1d-C1asSTcal:MaQ~] 

Integrating the above expression within limits from origin of 
coordinate system to point P gives 

f (E-v,B)dv, = sf v,dv, 
0 0 

I , I 2 
Ev - -Bv = -Bv 

X 2 X 2 y 

I 
Ev,= 2 Bv2 (As v2 = v; +v; ) ... (4.132) 

Above equation-( 4.131) relates the net velocity of particle with 
its x-component. If we substitute the value of v, from 
equation-(4.130) to equation-(4.129) we get 

~(E _.!!:._ dv,) = qv,B 
dt B qB dt m 

d'v,: (qB)' 
~ --+ - V =O 

dt2 m Y 
... (4.133) 

The expression in equation-(4.133) is the basic differential 
equation of SHM in vy which indicates that the velocity 
component of particle in y-direction is executing SHM hence 
its y-coordinate will also execute SHM so the motion of particle 
will be oscillating iny-direction and progressive in x-direction 
as shown in figure-4.124. Even the x-direction motion of 
particle is also oscillating with moving mean position which 
can be verified by combining equations-(4.130) and (4.131) 
by eliminating vy. This trajectory of particle in :ry plane comes 
out to be cycloidal path which is similar to the path traced by 
a particle on rim ofbody in pure rolling on a surface. In-depth 
analysis of cycloidal motion is not in our scope so we will 
restrict our analysis upto the motion of charge particle under 
electromagnetic fields. Using equation-(4.132) and previous 
relations in the given parameters the time of periodic motion, 
oscillation amplitude (maximum height along y-direction), 
range in x-direction and other parameters can be calculated. 

y 
IE ' 0B 

'qE 
V v, 

p 

,, 
qvB Ym 

qE 

q 
X 

0 T';,,_lrrmlqB 

Figure 4.124 

In y-direction motion of the particle, mean position is at a 
height where the net force on particle in y-direction becomes 
zero which happens at y = y ,,/2 which would be the amplitude 
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ofoscillations of particle iny-direction. At the topmost point 
of the trajectory ifv0 is the velocity of the particle then it is 
given by equation-(4.129) as 

I ' qEy = -mv 
m 2 o ... (4,134) 

At the topmost point as vx = 0, at this point net downward 
force on particle must be equal to the net upward force when 
the particle was at origin so we have 

qE = qvrfJ- qE 

2£ 
~ v=-

o B 

From equation-(4.134) and (4.135) we get 

#·Illustrative Example 4.34 

... (4.135) 

... (4,136) 

A proton beam is fired in space where it passes without 
deviation through the region where there are uniform 
transverse mutually perpendicular electric and magnetic fields 
exist with electric field strength£ and magnetic induction B. 
The beam strikes a fixed solid nonmetallic target. Find the 
force exerted by the beam on the target if the beam current is 
i. Take mass af proton mp. 

Solution· 

As the proton beam passes without deviation, so we use 

evB= eE 

E' 
~ v= -

B 

Number of protons striking the target per second is given by 
using beam current as 

i 
n= -

e 

Total mass of protons striking the target per second are 

i 
m=m x­

P e 

Net force on the target is the total momentum imparted to the 
target per second which is given as 

F=mv 

m/E 
F=-­

e/1~ 

# Illustrative Example 4.35 

A particle of mass I x 10-26kg and charge +L6 x 10-19C 

travelling with a velocity 1.28 x I 06 mis along positive x­
direction in a region where uniform electric field E and a 

uniform magnetic field of induction B are present such that 

E, = EY = 0 and Ez = 102.4kV/m and B, = Bz = 0 and 
BY= 8 x 10-2T. The particle enters in this region at the origin 

of coordinate system at time I= 0. Determine the location x, 
y and z coordinates of the particle at I= 5 x I 0-6 s. If only the 

electric field is switched off at this instant, what will be the 
position of the particle at I= 7.45 x 10-6s? 

Solution 

The Electric force on the charge particle is given as 

F, = qEZ = (1.6 x 10-19)(102.4 x 103) N 

~ F = 163 84 x !0-16 N ' . 

Above electric force acts on the particle along negative 
z-direction. 

The Magnetic force on the charge particle is given as 

~ 

~ 

Fm=qvB 

Fm= (1.6 X J0-19) (1.28 X ]06) (8 X 10-12) N 

F = 163 84 x 10-16 N m • 

Above magnetic force acts on the particle along positive 
z-direction. Above two forces are exactly equal and opposite 

so the charge particle will go undeflected in the space along 
x-direction. 

(a) At time I= 5 x J0-6 second, the distance x travelled by 
the particle is given as 

x=vt=(l.28 x 106)(5 x J0-6)=6.4m 

Thus coordinates of the particle are given as (6.4, 0, 0). 

(b) When the electric field is switched off, there will be a 
force 163.84 x 10-16.along +z-axis acting on the particle. The 
particle moves in uniform magnetic field and describes a 
circular path in xz plane as shown in figure-4.125. The radius 

of the circular trajectory of particle is given as 

mv 
r=-

Bq 
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The time period t of revolution of particle due to magnetic 
field is given as · 

21tr 2x3.14xl ,,_. 
t= - = ---~ = 4.9 x Iv -s 

V J.28xJ06 

The time during which the magnetic field acts 

t
1
=7.45 x J0-6_5 x J0-6=2.45 x.J0-6s 

As the time period is 4.9 x J0-6s and the magru,tic field acts 
only for a time 2.45 x J0-6s which is half the time period so 
the particle covers a semicircle as shown in fignre and 
displaces by 2m along z-direction. Thus final coordinates of 
particle are (6.4m, 0, 2m). 

0,--~6~.4=m~-;P-s:---+x 

z 

' lmj 
' O' ~----
' ' ' ' 
Q 

Figure 4.125 

# Illustrative Example 4.36 

~ .. ~-· 
:,'!$f·._ 

Uniform electric and magnetic fields with strength E and 
induction B respectively are directed along y-axis as shown 
in fignre-126. A particle with specific charge q/m:-ieaves the 
origin O in the direction of x-axis with ·an initial 
non-relativistic velocity v0• Find 

(a) The coordinate y of the particle when it crams the y-axis 
n . ' 

for the nth time · 

(b) The angle a between the particles velocity vector and 
y-axis at that moment. 

' 
f 
r 

o,,_ ______ _.x 
v, 

z 

Figure :t.126 

Solution 

The resulting motion of the particle isiieli<!IIL .reasing 

pitch due to the electric field alongy-diieca,-·.: - •· .. er every 
revolution the_ helical trajectory~ili.--'!:" . · _ . e ~-axis 
when the particle crosses 1t. ~ - ,._· ·. ·-~l,'\~~--- ) 
y 'I • • r'! t, ,-:;; . . ) ..... 

! .; ~- .,,. 

Magnetic Effects of Curre!lts and Classica_l Magnetism] 

(a) There will be an acceleration a
1 

on the particle due to 
electric force which acts along positive y-direction which is 

given as 

qE 
a=­

Y m 

·rr the particle crosses y-axis nth time after t second then we 

use 
• 

qE 2 
y = -t ... (4.137) 
• 2m 

If n be the number ofrevolutions, then we have 

21tmn 
t=n x T= -- ... (4.138) 

qB 

From equation-(4.137) and (4.138), we have 

y = qE x(2=n)
2 

• ?m qB 

(b) 1n··y-direction the vficity of the particle is only due to 

electric field which i~pn as 

=> v = (qE)x(21tmn) = 21tnE 
Y m qB B 

As along xz plane the particle velocity component will remain 
constant_ at v 

0
, the angle which the velocity vector makes with 

y-axis is given as 

=> 

v0 v0B 
tan a= - = -­

v1 21tnE 

a= tan ---I( VoB) 
. 21tnE 

# Illustrative Exa,nple 4.37 

an electron beam passes through a magnetic field of magnetic 

induction 2 x 10-3T and an electric field of strength 

3.4 x 104 Vim both acting simultaneously in mutually 
perpendicular directions. If the path of electrons remains 

undeviated, calculate the speed of the electrons. If the electric 

field is removed, what will be the radius of curvature of the 

trajectory of the electron path after 2s? 

Solution 

If motion of electron is undeviated then the magnetic and 

electric force must be balancing each other on electron so we 

have 
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qE= qvB 

E 3Ax!04 

v= - = --- = 1.7 x J07 m/s 
B 2xJ0-3 

When the electric field is removed, then only under magnetic 
field acting in perpendicular direction motion of electron will 
be along a circular path of which the radius is given as 

mv 
r=-

r= 

Be 

9 Xl0-3! X (L7 X [07 ) 

(2x 10-3 ) x (J.6x10-19 ) 

r=4.78x 10-2 m 

# lllustrative Example 4.38 

There is a constant homogeneous electric field of JOOV/m 
within the region x = 0 and x = 0.167m pointing along 
positive x-direction. There is a constant homogeneous 
magnetic field B within the regionx = 0. I 67m andx = 0.334m 
along the positive z-direction. A proton at rest at the origin (x 

= 0, y = 0) is released. Find the minimum strength of the 
magnetic field B, so that the proton is detected again at point 
x = 0,y = 0.167m. Take mass of the proton 1.67 x 10-27kg. 

Solution 

Figure-4.127 shows the resulting motion of the particle in 
the region where electric and magnetic fields are present as 
described in the question. 

First the proton is accelerated in the electric field. Then it 
enters in magnetic field and describes a circular path of which 

radius is given as 

z 

y B xi p C X X 

' -------- ' ' X X x: 
E 

X X X 

0 Alx x B JJ--+-...<!,~=_;~--+.x 
(0.0) ! 0.167 j0.334 

mv ,=-
qB 

Figure 4,127 

... (4.139) 

After following a semicircular path it leaves the magnetic 
field in negative direction. Its motion is retarded in electric 
field. Finally it strikes y-axis at the same distance 0. 167m. 

.. -,-··- ·---- .571 - __ , - __ .,.. ,____ ~J 

Thus the radius of the circular path must be halfof0.167m. 
Using work energy theorem the velocity of the particle when 
it enters the magnetic field is given as 

I 
2mv2= qE (0.167) 

From equations-(4.139) and (4.140) we have 

m 2eE (0.161) 
B= e(0.16712/ m 

B=2 -x--(
2m E ) 
e 0.167 

B= 2 
[

2(1.67 xI0-27 )(100)] 

(J.6 X 10-19 )(0.J 67) 

10-2 
B= ,/z = 7.07 x 10-3 T 

}Yeh Rtle~eI1¢t? f!_~www-physicsgala;.y,com 

; AgeGronp-Grade11&12 I Age17-19Years 
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Mod(I]e,Numbe~. 14 to 23 

Practice Exercise 4.4 

... (4.140) 

(i) Figure-4.128 shows a wire AB of mass m placed on a 
rough inclined plane of inclination a and static friction 
coefficient µ:The wire carries a current/. Find the minimum 
magnitude of magnetic induction required to slide the wire up 
the inclined plane if direction of magnetic induction is normal 

to plane_ ~s shown in figure. 

[ mg(sirio.+µcosa.)] 
II 

a 

Figure 4.128 
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(ii) A wire oflength 60cm and mass 16g is suspended by a 
pair of flexible supporting springs in a magnetic field of 
induction 0.60T. What are the magnitude and direction of 
the current in the wire so that the supporting springs remain 
unstretched ? 

X X X X X 

X X X X X 

X X X X X 

X X X X X 

X X X X X 

X X X X X 
I+-- 60cm -----.i 

Figure 4.129 

[0.4 I A, left to right] 

X X 

X X 

X X 

X X 

X X 

X X 

(iii) Two long parallel wires carry currents of equal 
magnitude but in opposite direction, these wires are suspended 
from ceiling by four strings of same length L as shown in 
figure-4.130. The mass per unit length of the wires is 1'.. 
Determine the value of the diverging angle 0 assuming it to 

be small. 

Figure 4.130 

(iv) A high speed but non-relativistic proton beam move 
rectilinearly in the region of space where there are uniform 
mutually perpendicular electric and magnetic fields with 
electric field strength E and magnetic induction B. The 
trajectory of the protons is found to be a straight line in the 
XYplane as shown in figure-4.13 I and forms an angle ~with 
X-axis. Show that if the electric field is switched off at an 
instant the protons will follow helical trajectory and find the 
pitch of the helical trajectory. 

Magnetic Effects of currerltS arld Cla_ssical Magnefi:§ij 

"'"$,---------,,7,---.x 
/' 

,,,,,,. 
V / --------------= 

z 

Figure 4.131 

(v) A loop offlexible conducting wire oflength 0.5m lies in 
a magnetic field of I.OT perpendicular to the plane of the 

loop. Show that when a current is passed through the loop, it 

opens into a circle. Also calculate the tension developed in 
the wire if the current is of 1.57A. 

[0.125 NJ 

(vi) Find the magnitude and direction of a force acting per 

unit length of a wire, carrying a current i = 8.0A, at a point 

0, if the wire is bent as shown in figures-4. l32(a) and (b) as 
shown in figure-4.132. In figure-(a) wire is bent as 

semicircular loop ofradius R = 10cm and in figure-4.132(b) 
wire is bent as U-shaped with the straight segments very Jong 
with their separation equal to / = 20cm. 

0 

(a) 

(b) 

Figure 4.132 

[(a)2xIO-'N/m (b)I280x]0-7 N/m] 

(vii) A square cardboard of side I and mass m is suspended 

from a horizontal axisXY as shown in figure-4.133. A single 

wire is wound along the periphery of board and carrying a 

clockwise current I. At t = 0, a vertical downward magnetic 
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field of induction B is switched on. Find the minimum 

magnitude of B so that the board will be able to rotate up to 

horizontal level. 
y 

X 

Figure 4.133 

(viii) Figure-4.134 shows a horizontal wire MN oflength I 
and mass mis placed in a magnetic field B. The ends of wire 
are bent and dipped in two bowls containing Hg which are 
connected to an external circuit as shown. If key is pressed for 
a short time ct.due to which a charge q suddenly flows in the 
circuit. Find the maximum height above initial level the wire 
MN, it will jump. 

X X X X X X X 

4 

B 
X X X X X X X 

M N 
X X X X X X X 

X X X 

Hg Ilg 

~--------,~--~ 
61 

Figure 4.134 

(ix) A straight segment OC oflength L of a circuit carrying 
a current Iis placed along the X-axis as shown in figure-4. 13 5. 
Two infinitely long straight wires A and B, each extending 
from Z = - oo to + oo, are fixed at y = - a and y = + a 
respectively as shown in figure-4.135. If the wires A and B 
each carry same current I into the plane of the paper, obtain 

the expression for the force acting on the segment OC. What 
will be the force on OC if the current in the wire Bis reversed. 

z 

µ,I' (L' +a') [ -In -- OJ 
21t a2 

' 

L C 
',-1-------....;._---+x 

l 
-a 

XA 

Figure 4.135 

(x) A positively charged particle having charge q1 = 1 C and 
mass m1 = 40g, is revolving along a circle of radius R = 40cm 
with velocity v1 = 5m/s in a uniform magnetic field with centre 
of circle at origin O of a three dimensional system. At t = 0, 
the particle was at (0, 0.4m 0) and velocity was directed along 
positiveX-direction. Another particle having charge q2 = IC 
and mass m2 = I 0g moving uniformly parallel to Z-direction 
with velocity v

2 
= ( 40/rc)m/s collides with revolving particle 

at t = 0 and gets stuck to it. Neglecting gravitational force 
and coulomb force, calculate x,. y and z coordinates of the 
combined particle at t = rc/40s. 

[(0.2m, 0.2m, 0.2m)] 

(xi) From the surface ofa round wire ofradius a carrying a 
direct current i an electron is projected with a velocity v0 

perpendicular to the surface along radial direction. Find what 
will be the maximum distance of the electron from the axis of 
the wire before it turns back due to the magnetic force on the 
charge particle by the current flowing in the wire. 

Figure 4.136 

21t11llt) 

[ ae µoiq ] 
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4.8 A Closed Curre11t Carryi11g Coil placed i11 Mag11etic 

Field 

As discussed in previous article when a closed current carrying 

loop is placed in uniform magnetic field net magnetic force 

on it comes out to be zero. 

Figur~.137 shows a rectangular coilABCD carrying a current 

I is placed in uniform magnetic field with magnetic induction 

B with its plane parallel to the direction of magnetic field. 

A B 

01 

®s 

-~ D C 

Area of coil A = lb 

Figure 4.137 

In this case ifwe analyze the directions of magnetic forces on 

different segments of the coil by using right hand palm rule 

then we find that 

The rorce on AB is F AB = 0 

The force on BC is Fae= BIi in outward direction 

The force on CD is F co = 0 

The force on DA is FDA = BIi in inward direction 

Thus total magnetic force on this loop is zero but the equal 

and opposite forces on the wire segments BC and DA on loop 

at different lines of actions produces a couple and coil will 

experience the torque which may cause it to rotate if it is free. 

In next article we will discuss about this torque in detail. 

X 

X 

X 

X 

X 

X 

X 

X 

Magnetic Effects of. Currents and Classical Magnetisrrtj 

X 

dF 

di 

X 

X 

di 

dF X 

X 

F X 

X 

F 

X 

di 

(a) 

F 

F 

(b) 
Figure 4.138 

X 

X 

X 

X 

X 

X 

X 

X 

di dF 

X 

X 

F 

X 

F X 

X 

On analyzing carefully we can see that on all elements of the 
loop the direction of magnetic force is outward of which 

resultant is zero but it will have a tendency to stretch out the 
loop. If the wire of loop is flexible then the magnetic force 

will stretch it out and give a shape of a circle due to the outward 
force at each element as shown in figure-4.138(b). 

If current direction is reversed then the force will become 

inward which may cause the loop to collapse if wire is flexible 
or build an inward stress if wire is rigid. 

Above cases we analyzed for uniform magnetic field but if the 
closed current carrying loop is placed in a non uniform 

Consider another current carrying closed loop shown in magnetic field then magnetic force on it maybe non zero as at 

figure-4.138(a) placed in uniform magnetic field with its plane different locations of coil elements the magnetic induction 
perpendicular to the direction of magnetic field. magnitude can be different in non uniform magnetic field 

which will exert different forces on different elements of the 
In this situation ifwe consider a small element on the loop as coil which may not cancel each other. 

shown then by right hand palm rule the direction of magnetic 

force on this element is as shown in figure. We will see illustrations based on such situations. 
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4.8.1 Torque due to Magnetic Forces on a Current 
Carrying Loop in Magnetic Field 

Consider the situation shown in figure-4.137 where we can 
see that the magnetic forces on wire segments AB and CD is 
zero as wires are parallel to magnetic induction direction and 
the forces on segments BC and DA are equal and in opposite 
direction which produce a couple. We've already studied in 
mechanics that torque due to couple forces is given by the 
product of force magnitude with the separation between lines 
ofaction of forces and this torque is independent of the location 

of axis of rotation. Here it is given as 

,=BIi x b= BI/b =BIA ... (4_[41) 

If number of turns in coil are N then due to N wire segments 
the total torque on the coil will be given as 

,=BIA xN =BINA ... (4.142) 

Equation-(4.142) gives the net torque acting on the coil ifcoil 
is placed with its plane perpendicular to the magnetic induction 
direction. Consider the situation shown in figure-5.139 in 
which the coil is placed in such a way that its area vector is 
oriented at an angle 8 to the direction of magnetic field or the 
plane of coil makes an angle (90° - 8) to the magnetic field. 

; 

B 

-> 
OF 

D 

C 

Figure 4.139 

In above figure the force on wire segments AB and CD are 
opposite to each other along the same lines of actions so will 
cancel each other and the forces on wire segments BC and DA 
are same as before but the separation between their lines of 
action is now b sin0 as shown so the torque on coil is now 

given as 

-- --- --- ~- ----------6-1 1 
-----------__:_,_- -

moment of the coil which is defined as the product ofcurreut 
and area enclosed by all the turns of the coil. Magnetic moment 
of a current carrying coil is a vector quantity having direction 

along the area vector of the coil, given as 

M= NIA ··- (4.144) 

The direction of area vector of the coil is given by right hand 
thumb rule for the direction of current in the coil as shown in 

figure-4.14O 

-> 
M 

I 

Figure 4.140 

Magnetic moment of a current carrying coil is synonymous to 
the magnetic dipole moment ofa small magnetic dipole about 
which we will discuss in the section of classical magnetism 

later in this chapter. 

Using magnetic moment of the coil, eqnation-(4.143) can be 

rewritten as 

,=MBsin0 ··- (4.145) 

Using the direction of torque, vectorially expression of torque 

can be given as 

t =MxB --· (4.146) 

4.8.2 Interaction Energy of a Current Carrying Loop in 
Magnetic Field 

In classical magnetism we will discuss in detail about how a 
current carrying coil in magnetic field can be considered like 
a magnetic C:ipole but as of now we will use this fact for other 

,-= Bil x bsin0 x N 

,=BINAsin0 ··· (4.143) analysis. 

In above expression the term INA is referred as magnetic We will also study that a magnetic dipole placed in magnetic 
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field acts similar to an electric dipole placed in electric field 

and we've already discussed in the chapter of electrostatics 
that the interaction potential energy of an electric dipole with 
dipole moment p placed in an external electric field Eis given 

as 

U=- j,-E =-pEcos8 ... (4.147) 

Similar to this sitnation for a magnetic dipole with dipole 

moment M placed in a magnetic field with magnetic induction 
B with the angle between magnetic moment and magnetic 
inductiqn 8 as shown in figure-5.139, its interaction potential 
energy is given as 

=> W= MB [-cos8J:; 

=> W= MB (cos81-cos9,) ... (4.153) 

Above equation-(4.153) is same as equation-(4.152) we 
obtained by using difference of interaction energies of coil in 

final and initial states. 

Above expression of work can be rewritten as 

=> 

W= JAB (cos91-cos82) 

W = I( cj,initiru - cj,finru) 

U=- M·B=-MB cos8 ... (4.148) => W = - I( cj,firutl - cj,initial) 

W=-lt.cj, Above expression of potential energy can also be written as 

U=-JABcos8 

=> U=-Jcj, ... (4.149) 

In above expression cj, = BAcos9 is the magnetic flux passing 
through the coil. 

4.8.3 Work Done in Changing Orientation of a Current 
Carrying Coil in Magnetic Field 

When a current carrying coil is displaced in a uniform magnetic 

field in such a way that its orientation changes with angle 
between magnetic induction and magnetic moment of coil from 
q I to q2 then the potential energy of the coil in magnetic field 

in initial and final state are given as 

and 

U1=-MB cos8 1 

U,= - MBcos92 

... (4.150) 

... (4.151) 

Work done in changing the orientation of the coil during its 
displacement is given as 

=> 

=> 

W=U,-U, 

W= (-MBcos82)- (-MBcos9 1) 

W= MB(cos9 1-cos92) ... (4.152) 

To change the orientation of coil externally we need to apply a 
torque against the magnetic torque of equal magnitnde thus 

work done in changing the orientation in above sitnation can 
also be given as 

=> 

w= f dW= f ,de 

., 
W= f MBsin9.d9 

~ 

=> ... (4.154) 

4.8.4 Magnetic Flux through a surface iu Magnetic Field 

In the region of magnetic field we can calculate the magnetic 
flux in the same way we did in electric field as magnetic 
induction is measured as magnetic flux density in a region 
similar to electric field. 

Figure-4.141 shows a rectangular surface ABCD of area S 

placed normal to the direction of a uniform magnetic field. 

The magnetic flux through this surface can be given as 

cj,=BS ... (4.155) 

A 

B 

D 

area= S C 

Figure 4.141 

If the area is inclined to magnetic.induction such that its area 
vector makes an angle 9 with the direction of magnetic field 
or its plane makes an angle (90° - 9) with the magnetic field 
as shown in figure-4.142 then magnetic flux thorough this 
area will be same which passes through its normal component 
S cos9 as other component of area S sin9 is parallel to the 
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magnetic field and no flux will pass through it as shown. 

Thus magnetic flux through this surface is given as 

<j,=BScos0 ... (4.156) 

Thus total magnetic flux through the surface M is given by 
integrating the above elemental flux over the complete surface 
area given as 

... (4.159) 

q,= Ii-s ··· (4-157) 4.8.5 Stable and Unstable Equilibrium of a Current 
Carrying Loop in Magnetic Field 

D 

C 

Ssin8 
A 

----------------- B 

"'"",--+-•n 
0 

s 

Figure 4.142 

Figure-4.143 shows a region with non uniform magnetic 
induction in which there is a surface M placed in it. 

To evaluate the magnetic flux passing through this surface, 
we consider an elemental area dS in this surface as shown 
with its area vector normal to the surface area dS at this point. 

If jj is the magnetic induction at the location of this area dS 

then magnetic flux dq, through the elemental area dS is given 
as 

dq,=BdScos0 

dq,=B-dS 

Figure 4.143 

... (4.158) 

Figure-4.144 shows a current carrying rectangular loop placed 
in a plane perpendicular to the direction of magnetic field. 
The loop carries a current in clockwise direction due to which 
the direction vector of its magnetic moment is along the 
direction of magnetic induction due to which the angle between 
these two vectors is 0 = 0 and thus ·torque on loop is 
also M x B = 0 and with the direction of magnetic forces on 
the segments of the loop we can see that all forces are acting 
in the plane of coil so net torque on it is zero and loop is in 

equilibrium. 

AOR 
X X X X 

F,,, ~ 

B 

A 
I 

B 

X X X X 

Fo, I F,c 

X X X X 

D C 

Fe» 
X X X X 

Figure 4.144 

The interaction potential energy of the coil is given as 

U = - MBcos0 = -MB ... (4.160) 

If in figure,4.144 we slightly tilt the loop about the axis of 
rotation shown in figure then we can feel that the force acting 
on segments BC and DA will produce couple and it will have 
a tendency to bri~ g back the coil in its initial position thus in 
this case these forces will develope a restoring torqne hence 
the equilibrium of coil is stable equilibrinm. 

We can also see from equation-( 4. I 60) that the potential energy 
ofloop in this state is at its minimum value which corresponds 
to the case of stable equilibrium. 
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Figure-4.145. shows. a similar situation with the current 
direction in the loop is in anticlockwise direction. In this case 
the angle between magnetic moment and magnetic induction 
is 9 = 180° and ·thus torque on loop is again M x B = 0 and 
with the direction of magnetic forces on the segments of the 
loop we can see that all forces are acting in the plane of coil so 
net torque on it is zero and loop is in equilibrium. . 

X X X X 

AOR 

I 
... 
B A B 

F,, 
X X X X 

F,c I 

X X X 

v·'----'-+-+---....J C 

X X X X 

Figure 4.145 

The interaction potential energy of the coil in this situation is 
given as 

U=-MBcos9=-MB(-l)=+MB ... (4.161) 

If in figure-4.145 we slightly tilt the loop about the axis of 
rotation shown in figure then we can feel that the force acting 
on segments BC and DA will produce couple and it will have 
a tendency to further displace the coil away from its initial 
position thus in this case these forces will develope a torque 
away from initial position hence the equilibrium of coil is 
unstable equilibrium. 

We can also see from equation-(4.161) that the potential energy 
ofloop in this state is at its maximum value which corresponds 
to the case of unstable equilibrium. 

4.8.6 Moving Coil Galvanometer 

We've studied in previous chapter that a galvanometer is used, 
to measure current in electrical circuits. A moving coil 
galvanometer is a normal deflection type meter we discussed 
in different experimental setups in previous chapter in which 
the deflection of needle is directly proportional to the current 
supplied through it. 

Mag~et(c Effects of Currents and Classical Mag~ 

In this section we will he discussing the working mechanism 
of galvanometer. 

.• ":r ,:; 

Shaft 

Torsional coefficient of springs= C 

Crossed 
Magnetic field 

(b) 

Figure 4.146 

Figure-4.146(a) shows two cylindrical magnetic pieces and in 

the region between the poles a coil is mounted on_ an axle 

which is attached with SPiral SPrings at top and bottom mounts. 

The cylindrical pole pieces develop a crossed magnetic field 

on the coil as shown in figure-4.!46(b) which is the top view 

of situation shown in figure-4.146(a). ln this_picture we can 
see if a current flows through the coil, the magnetic moment 

M of coil is perpendicular to the magnetic induction B at 
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initial position of coil. Due to magnetic torque in clockwise In above equation-( 4.163) the proportionality constant is 

direction the coil rotates and because of crossed magnetic field. replaced by another constant S called 'Sensitivity of 

at all orientations of coil its magnetic moment is always 

perpendicular to the magnetic induction at that orientation of 

the coil so the magnetic torque on coil is independent of the 

orientation angle of the coil and it is given as 

i' = MxB 

t=MB 

,=BINA 

[Ase= 90"] 

... (4.162) 

Due to magnetic torque When coil rotates, spiral springs also 

twist which are attached at the top and bottom of the axle on 

which coil is mounted. These spiral springs exert a restoring 

torque on the shaft and have a· tendency to bring the coil back 

to initial mean position. When a current flows through the 

coil, it experiences a magnetic torque given byequation-(4.162) 

due to which coil rotates and held at some angle where the 

restoring torque of spiral springs balances the magnetic torque. 

If overall stiflhess coefficient of the spiral springs is C then at 

the equilibrium position if coil is deflected by an angle 0 from 

initial position then we have 

BJNA=CB 

S= ( B~A} --· (4.163) 

Here we can see that the angle of deflection of coil is directly 

proportional to the current supplied through the coil. In 

figure-4.147 we can see if a light weight needle is attached to 

the axle of the coil then with proper calibration the needle can 

be used to show the reading of current on a round scale as 

shown in figure. After proper calibration the whole assembly 

of magnets, mounts with coil is placed inside a cabinet and 

from outside only the scale and needle is visible. This is the 

system we call moving coil galvanometer which is used in our 

labs for current measurements. 

Figure 4.147 

Galvanometer' given as 

BNA 
S=c 

0=SJ 

-·- (4.164) 

... (4.165) 

Here sensitivity of galvanometer indicates how sensitive the 
device is. If Sis large then even for small currents flowing in 
the galvanometer coils deflection will be good enough to 
measure it and such a galvanometer is able to sense very small 
amounts of currents significantly and are called highly 
sensitive. 

# Illustrative Example 4.39 

Figure-4.148 shows a coil ofarea A and N turns with a current 
I is placed in a uniform magnetic induction B. Find the work 
required to pull this coil out from magnetic field. 

X X X X 
~ 

X 

I B -
X X X X X 

' 
X X X X X 

X X X X X 

Figure 4.148 

So/11tio11 

Work done in the process of pulling the coil out of field is 
given as 

W=-IL\~=1(~,-~2) 

_Initial flux through coil is given as 

$1=BAN 

Final flux through coil is given as 

$,= 0 

Work done W = /(BAN - 0) = BIAN 

# lllus/l·ative Example 4.40 

A circular coil of wire 8cm in diameter has 12 turns and carries 
a current of 5A. The coil is placed in a field where magnetic 
induction is 0.6 T. 

(a) What is the maximum torque on the coil? 

(b) In what position would the torque be one half as great as 
in (a)? 
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Solution 

(a) The magnetic moment of the coil is given as 

M=NiA 

Area of coil is given as 

A= ro2 = rr(4 x J0-2)2 

M= 12 x 5 x ,r x (4 x 10-2)2 

=> M = 0.302 Am2 

Maximum torque on coil acts when it is placed in the plane 
of the magnetic field or when the angle between magnetic 
moment and magnetic induction is 90°. 

'==MB= 0.302 x 0.60= 0.181 Nm 

(b) If 9 is the angle between the area of the coil and the 
magnetic field direction then tprque on coil is given as 

t=MBsin9 

If this torqu is half of the maximum torque then we have 

MB/2 = MBsin9 

. I 
sm9= -

. 2 

9=30° 

When the normal to the coil is at 30° to the field then the 
torque is half of the maximum torque on coil. 

#lllustrative Example 4.41 

A square frame carrying a current I is located in the same 
plane as a long straight wire carrying a current10 • The frame 
side has a length a. The axis of the frame passing through the 
midpoints of the opposite sides is parallel to the wire and is 

separated from it by the distance which is 11 times greater 
than the side of the frame. Find 

I, I 

TJa----+1 

' I+--~---,./ 

Figure 4,149 

Magneti~ E~ectS. o_i c,~~~rits arid Classical Ma9~ 

(a) Force acting on the frame 

(b) The mechanical work to be performed in order to turn 
the frame through 180° about its axis, with the currents 
maintained constant. 

Solution 

(a) Force of attraction between parallel currents is given as 

Similar .force of repulsion between antiparallel currents is 
given as 

Net force of attraction between the square frame and the long 
straight wire is 

F=F1-F2 

F = __,µ_,o'--11_,,o_ 
1r(211-l)a 

(b) Work performed in turning the frame through 180° is· 
given as 

W=-Iil<j,=-1(- <J,-<J,) = 2I<J, 

Where <I> is the magnetic flux passing through the coil due to 
the current in the straight wire which is calculated by 
considering an elemental strip in the coil as shown in 
figure-4.150. 

1, 

X 

' ' ' dx : 
-+I I+' 

' ' ' ' ' ' ' 
' ' ' ' ' _, 

' ' ' -

Figure 4.150 

• 
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The magnetic flux through the elemental strip is given as 

d$=B.dS 

d$ = µ,I, .adx 
2,u; 

Total magnetic flux through the coil is giv.en as 

=> 

=> 

=> 

• 11a+-

f d$ = ( µ,I, .adx 
• 2rrx 

11a--
2 

• 11a+-

$ = µ0l 0a ( dx 
21t a X 

11a--
2 

µ0l 0a [ ( a) ( a)] $= --z,;- 1n l]ll+2 -In l]Q-2 

= µ,J,a 1n(2T]+l) 
$ 21t 21]-l 

Work done in rotation of coil is given as 

W=21$ 

= µ0JJ0aln(2T]+l) 
W " 21]-1 

# lllustrative Example 4.42 

Fignre-4.151 shows a larger horizontal coil of radius R carrying 
a current I. Another small coil of radius r (r<< R) carrying a 
current i & N turns is placed at the centre with its plane at an 
angle 9 from the axis. Find the torque experienced by the 
smaller coil in this situation. 

I 

,,:/// 
,,,/ 

Figure 4.151 

67 • ew ,_,, __________ ......:.c., 

Solutio11 

Magnetic moment of smaller coil is given as 

M= i X 1ti2 N=Niitr 

Magnetic induction due to large coil at its centre is given as 

Angle between magnetic induction at center oflarge coil and 

7t 
magnetic moment of smaller coil is -+9 as shown 

2 
in figure-4.152 

jB 
' ' ' ' ' ' ' 0 

Figure 4.152 

M 

Torque on smaller coil due to the magnetic induction oflarger 

coil at its center is given as 

.... .... .... (" ) , =MxB =MBsin 2+9 

,= Ninr
2
(~~}os9 

µ0i!Nnr2 

9 't = cos 
2R 

# lllustrative Example 4.43 

Find the magnetic moment of the current carrying loop shown 

in fignre-4.153. 
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y 

l 

45° X 

45° 

z 

Figure 4.153 

Solution 

Figure--4.154 shows the splitting of the given loop in three 
separate loops which when overlapped at the three coordinate 
axes then the opposite currents in the wire segments in these 
three loops along the axes will cancel each other and original 
loop will only exist with current. The magnetic moment of the 
loop is given as the vector sum of the three individual loops 
shown in figure which is given as 

-, (itR2
), (R2

), 2 , M = I 4 i + I 1 j + I(R )k 

y 

X 

z 

Figure 4.154 

# Illustrative Example 4.44 

A sqnare coil of edge/ carrying a current /2 is placed near to a 
long straight wire carrying current11 as shown in figure--4.155. 

Magnetic Effec_ts o'.~u!!"ents_ and Classical Magnetism J 

Find work required to rotate the coil ABCD about the axis 
along edge BC by 180° to the dotted position A 'BCD' as shown. 

I }80° 

Q 
1, A :n A' 

1, 

D C D' 

Figure 4.155 

Solutio11 

Work done in a process of changing the orientation ofa coil in 
a magnetic field is given as 

W= l,(<P;- <P} 

We calculate the flux passing through the square coil at initial 
and final state by considering an elemental strip of width dx 
at a distaqce x from the long wire as shown in figure-4.156. 

I 180° 

Q 
1, A :n -------

1, 

I 
X 

X dx 

~ 
D I -:c 

Q 

Figure 4,156 

Initial flux through the coil is given as 

dx 

'---------

A' 
1 
' ' ' ' ' I 
' :i 
' ' ' ' ' ' ' ' 2 

I D' 

cj, = fB-dS = rf+l µol, x[dx = µolil [lnxJ;+/ 
I 27tX 21t 

r 
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an,i Classical Magnetism 

~-= µ0/ 1/(r+I) 
1 2rc r 

Final flux through the coil is given as 

r+21 I 
~ = J µo I -ldx = µ0/1 [lnx]"21 
'f 2m 2'7tX r+l 

,+I 

~ = µ0/ 1 1n(r+21) 
'f 2,r r+/ 

Work done this process is given as 

W= µ01/21 ln(r+21) 
2rr r 

# Illustrative Example 4.45 

A rectangular coil ofarea 5.0 x J0-4m2 and 60 turns is pivoted 
about one of its vertical sides. The coil is in a radial horizontal 
magnetic field of9 x 10-3T. What is the torsional constant of 
the spring connected to the coil if a current of 0.20mA 

produces an angular deflection of 18° ? 

Solution 

From the equation of moving coil galvanometer we have 

i= (N~)e 
The torsional constant of the spring is given as 

C= NABi 
0 

Substituting the values in SI units we have 

C = 3 x 10-• N-m/degree 

# Illustrative Example 4.46 

Figure-4.157 shows a coil bent with all edges of length 2m 
and carrying a current of2A. There exists in space a uniform 
magnetic field of 2T in positive y-direction. Find the torque 

on the loop. 

z 

C 

B 

R y 

-+B s 

X 

Figure 4.157 

Solution 

We assume equal and opposite currents in wires PQ and RS, 
then we split the given loop in three independent sqnare loops 
and find magnetic moment vector of the loop which is only 
due to the square coil PQRS as top and bottom square coils 
magnetic moments are equal and opposite so will cancel each 
other. Thus magnetic moment of the given loop is given as 

M =Ia'}= 2x(2)2 J = 8} 

The magnetic induction vector in space is given as 

B=1} 

The torque on the given loop is given as 

'r = MxB=O 

4.9 Relation in Magnetic Moment and Angular 
Momentum of uniformly charged a11d uniform de11se 
rotating bodies 

Figure-4.158 shows a thin ring of radius R with nniformly 
distributed charge q and mass m rotating at constant angular 
speed OJ. The equivalent circulating current due to rotation of 

charge is given as 

q© 
/=-

2,r 

Figure 4.1S8 
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The magnetic moment of the rotating ring can be given as 

M=]X 7tR2 

=> 

=> 

qro 
M=-x1tR2 

2,r 

I , 
M= -qroR 

2 
... (4.166) 

The angular momentum of the rotating ring can be given as 

L=lro 

=> L=MR2ro 

Dividing equation-(4.166) and ( 4.167).gives 

M 
L 

(½qroR') 
(MR 2ro) 

... (4.167) 

Magnetic Effects of Currents and Ci8$S~IM-clQneli~ 

the fixed end as shown in figure-4.159. The charge on this 
element is given as 

dq= 'I,1x 
I 

During rotation of the rod, this elemental charge will revolve 
in circle of radius x for which the corresponding equivalent 
current in this circle is given as 

dqro 
di= 2,r 

Due to the current in element, its magnetic moment is given 
as 

dM=df x rrx2 

dM= (d;:}x' 

=> 1 ' dM= 2dqrox 

=> M = _<j_ 
L 2m 

... (4.168) => dM= ½( Jdx )rox' 

The ratio of magnetic moment to angular momentum as given 
in above equation-(4.117) is a standard relation which can be 
used for all uniformly charged and uniformly dense rotating 
bodies. In many cases above relation can be directly used for 
analysis of different situations mentioned in a question. Now 
we will consider one more illustration to verify the above result 
and its application. Figure-4.159 shows auniform rod AB of 
length I, mass m, uniformly charged with a charge q is rotating 
at angular speed ro about one of its ends A. 

Figure 4.159 

=> dM = !L rox' dx 
21 

Total magnetic mpment of the rotating rod is given by 
integrating above expression for the whole length of the rod 
within limits from O to I which is given as 

=> 
I 

M= qro f x'dx 
21 0 

M= qro[x'1 
21 3 0 

M= qro(t_) 
21 3 

I , 
M= -qrol 

6 
... (4.169) 

The angular momentum of the rotating rod is given as 

L=lro 

=> L= (½Ml' )ro 
To calculate the magnetic moment of the rotating rod, we 
consider an element on rod of length dx at a distance x from => 

l 2 
L= -Ml ro 

3 
... (4.170) 
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By taking the ratio of equaiton-(4.169) and (4.170) we can 
verify equation-( 4.168) for this case ofrotating rod as well. If 
we use equation-( 4.168) then the magnetic moment of the 
rotating rod as expressed in equation-(4.169) can be obtained 
directly by substituting tbe value of angular momentum 
from equation-(4.170) to equation-(4.168) and this saves the 
time of integration process we used in obtaining equation­
(4.169) but here before applying equation-(4.168) for any 
situation of a rotating charge students must carefully analyze 
the given situation that the body must be uniformly charged 
and uniformly dense. 

4.10 Mag11etic Pressure a11d Field E11ergy of Mag11etic 
Field 

Similar to the case we've studied in electrostatic that a charged 
metal surface always experiences an electric pressure on it in 
outward direction due to its surface charge density, in case of 
a current carrying hollow conductor also if current is flowing 
on its surface and parallel currents always attract each other 

From equation°(4. l 72) and (4.173) we have 

B 
B =B =-

1 2 2 ... (4.174) 

Thus similar to the case of electrostatics the elemental part 
PQ of the shell contributes in halfofthe magnetic induction 
just outside the shell due to the whole current in it. If we 
consider a length I of the elemental wire PQ then force 
experienced by it due to the remaining section PRQ is given 
as 

dF=B,(dl)l 

dF= B, (
2

~ xdw )z 

dF= ( µ,/ )(-
1 

)dwl 
41tR 21rR 

The area of the elemental wire strip is dS = dwl so we can 
calculate the inward magnetic pressure on the elemental strip 

so the surface experiences an inward magnetic pressure on its which is given as 
surface. To determine the magnetic pressure on the surface we 

dF µ0 /
2 

consider a long straight hollow cylindrical shell carrying a 
current/. We know at every interior point of this hollow wire 
magnetic induction is zero whereas just outside the surface 
the magnetic induction is given as 

Pm= dS = 81t2R2 

B' 
pm= 2µ, ... (4.175) 

µ,/ 
B = 21tR ... (4.'l 71) Above expression given iu equation-(4.175) is the expression 

of magnetic pressure due to a surface current. Same expression 
can be used for magnetic energy density in the same way it is 
explained in article-1.19.1 in case of electrostatic energy 
density. 

p 

• y 

Q 

Figure 4.160 

Figure-4.160 shows the cross sectional view of the hollow 
cylindrical wire in which we consider an elemental wire PQ 
of width dw and the remaining shell PRQ and consider two 
points X and Y just inside and outside of elemental wire PQ. 
At point X magnetic induction is zero and that at point Y is 
given by equation-( 4.171 ). If BI and B2 are the magnetic 
inductions at points X and Y due to the segments PQ and PRQ 
of the shells as shewn in figure-4.160 then we have 

# Il/11strative Example 4.47 

A flat disc of radius R charged uniformly on its surface at a 
surface charge density cr. About its central axis of rotation it 
rotates at an angular speed co. Find the magnetic moment of 
disc due to rotation of charges. 

So/11tion 

We consider an elemental ring ofradius x and width dx in the 
disc as shown in figure-4.161. Equivalent current in this 
elemental ring is given as 

dqco 
di= 21t 

,Magnetic moment of the rotating elemental ring is given as 
... (4.172)-.. 

cr2mdxro 2 

... (4.173) 
dM=d/x m2= xm 

21t 

=> 

Study Physics Galaxy with www.puucho.com

www.puucho.com



;72-'·_------ ____ , ". - _,._ ' -· - - -- - -

-
--__d_I_,~ 

ro 

Figure 4.161 

Total magnetic moment of the rotating disc is given as 

R 

M= fdM = mtOJJ x'dx 
0 

I 
M = 4 crnOJR4 

Above result can be directly calculated by using 
equation-( 4.168). Students are advised to verify the above 
result by. substituting the value of angular momentum of the 
disc in equation-(4.178). 

# Il/r,strative Example 4.48 

A flat n_on-conducting disc of radius R carries an excess charge 
on its surface. The surface charge density is cr. The disc rotates 

'about an axis perpendicular to its plane passing through the 

centre with angular velocity OJ. Find the torque on the disc if 

it is placed in a uniform magnetic field B directed 
perpendicular to the rotation axis. 

Solutio11 

The situation described in question is shown in figure-4.162. 
As explained in previous illustration the magnetic moment 
of the rotating disc is given as 

1 
M= 4mtOJR4 

----~ii 

Figure 4.162 

Magnetic Effects of Currel'lts.and Classical Magriefismj 

The torque on the disc due to magnetic field is given as 

t=MB sin 90° 

crOJ1'BR4 

t= 
4 

# Illustrative Example 4.49 

A solid sphere ofradius R, uniformly charged with a charge Q 
is rotating about its central axis at angnlar speed OJ. Find the 

magnetic moment of this rotating sphere. 

Solutio11 

The relation in magnetic moment and angular momentum of 
a uniformly charged and uniform body is given by 
equation-(4.168) as 

M = g_ 
L 2m 

The angular momentum of the rotating sphere is given as 

2 2 
L=IOJ=-mROJ 

5 

Thus magnetic moment of the sphere is given as 

Q 2 2 
M= - x -mR OJ 

2m 5 

1 
M= 5QR20J 

# Illustrative Example 4.50 

What pressure does the lateral surface of a long straight 
solenoid with n turns per unit length experience when a 
current I flows through it. 

Solutio11 

In case of a long solenoid outside magnetic induction is zero 
and inside it is given as B = µo"I. Thus the magnetic pressure 
on the surface of solenoid currents is given as 

B' I 2 2 
Pm= 2µ, =2µ011 / 

Above result we've directly written by using the expression 
of magnetic pressure but students can note that in article-4.10 
while deriving this expression we consider a surface current 

along the length ofa hollow shell.whereas in case of solenoid 
current flows along the curved part of its core but still the 

result is valid. This can be verified by following the similar 
derivation process as well. 
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# Illustrative Example 4.51 

A conducting current-carrying plane is placed in an external 
uniform magnetic field. As a result, the magnetic induction 
becomes equal to B1 on one side of the plane and equal to B2 

on the other side. Find the magnetic force acting per unit 
area of the plane in the cases illustrated in the 
figure-4.163(a, b, c). 

jj ii, 

Plane (a) Plane (b) 

Figure 4,163 

B1-B2 B = _,_~ 
ext 2 

and the field due to the plane is given as 

Force on the plane per unit area on the plane can be given as 

Students can derive and verify the result of magnetic pressure 

in equation-( 4.176) in the same way it is done in article-4.10 

for a long hollow current carrying cylindrical shell. 

Determine the direction of the current in the plane in each (c) In this case, external field is continuous across the plane 
case. and due to plane is directed parallel to the plane upward on 

the left and downward on the right side. 

Solution 

(a) As on the two sides of the plane fields are in same 
direction the external magnetic field induction B must be the 

average of B 1 and B2 because on one side of the plane the 

external field will be added to the field of plane and on its 
other side it is subtracted. 

B -B 
So the magnetic induction due to the plane is 7 or 

~-~ . . . 
--

2
- on opposite of the plane. If plane cames a !mer 

current density I, we use 

B1-B2 /=-­
µo 

Force on the plane per unit area on the plane can be given as 

... (4.176) 

Students can derive and verify the result of magnetic pressure 
in equation-( 4.176) in the same way it is done in article-4.10 
for a long hollow current carrying cylindrical shell. , 

(b) As on the two sides of the plane fields are in opposite 
direction the external magnetic field in this case is given as 

Similar to the analysis we did again the force on the plane 

per unit area on the plane can be given as 

' B' B, - 2 

2µo 

In each case, the current is in the direction directed into the 

plane of paper. 

-- ··-- --~---,,---------------
', Web Refer~n-ce atwww.physicsgalaxy.com 
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Practice Exercise 4.5 

(i) In Bohr model ofhydrogen atom, the electron circulates 

round the nucleus in a path of radius 5.1 x 10-11m at a 

frequency 6.8 x !015rev/s. 

(a) What is the magnitude of magnetic induction at the 

centre of the orbit in Bohr model? 

(b) What is the equivalent dipole moment of the rotating 

electron in Bohr model? 

[13.6T, 90 x 10-24 Am'] 
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(ii) Figure-4.164 shows rectangular twenty-turn loop of (v) A coil of radius R carries current i
1
• Another concentric 

wire with sides 10cm and 5cm. It carries a current of 0.1 OA coil of radius r(r << R) carries current i
2

• Planes of two coils 
and it is hinged at one side along y-axis as shown. Calculate are mutually perpendicular and both the coils are free to rotate 
the magnitude and direction of the torque acting on the loop about common diameter. Find maximum kinetic energy of 
ifit is mounted with its plane at an angle of30° to the direction smaller coil when both the coils are released, masses of coils 
of a uniform field of magnetic induction 0.50T which exist are Mand m respectively. 
along positive x-direction. 

10cm 

Figure 4.164 

[4.3 x I 0-3 NmJ 

(iii) A coil in the shape of an equilateral triangle of side 
0.02m is suspended from a vertex such that it is hanging in a 
vertical plane between the pole pieces of a permanent magnet 
producing a horizontal magnetic induction 5 x 10-2T. Find 
the couple acting on the coil when a current of 0. IA is passed 
through it and the magnetic field is parallel to its plane. 

[8.66 x 10-1 Nm] 

(iv) A wire loop carrying a current I is placed in the x-y 
plane as shown in figure-4.165. 

(a) If a particle with charge +Q and mass m is placed at 
the centre P and given a velocity v along NP (see the figure), 
find its instantaneous acceleration of the particle at point P. 

(b) If an external uniform magnetic induction field 
jj = Bi is applied, find the force and the torque acting on the 
loop due to this field. 

-----1----... 
_,, I "", M,,,. I .. ,, 

',, al '\ 
' ' ' ', I I 

120°(',;~v 1 
\/ p f 
, ' 

/ ' , , , , 

N ::,,, _________ ,,// 

Figure 4.165 

[(a) O.I09µ,IQv, (b) 0.6136/Ba'jJ 
ma 

[ µ,w'i~MR ] 
2(MRl +mr2

) 

(vi) Figure-4.166 shows a beam balance at one end of which 
a current carrying coil C with N turns, cross sectional area A 
& Current I is attached which is kept between two pole pieces 
as shown and on other end a pan is there in which a counter 
weight of mass M is kept. If in equilibrium beam remain 
horizontal, find the magnetic induction due to pole pieces in 
which coil is kept in equilibrium. 

r,-. -~-.·. I \l . , 
I: . .:.·.:-

Figure 4,166 

(vii) A uniform magnetic field of magnetic induction B is 
directed at an angle of 45° to the x-axis in xy plane in a 
coordinate system. PQRS is a rigid square wire frame carrying 
a steady current / 0, with its centre at the origin 0. At time 
t = 0, the frame is at rest in the position shown in the 
figure-4.167, with its side parallel to x andy axes. Each side 
of the frame is of mass Mand length L. 

y 

~ 

s I, 
/'B 

0 
X 

p Q 

Figure 4.167 
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(a) Calculate the torque about O acting on the frame due 
to magnetic field? 

(b) Find the angle by which the frame rotates under the 
action of this torque in a short interval of time M, and the 
axis about which this rotation occurs. Consider that M is so 
short that any variation in the torque during this interval may 
be neglected. 

[(a) I,L'B (-i + j). (b) 3/0B (M)'] 
..fi. ' 4M 

(viii) Calculate the magnetic moment of a thin wire with a 
current I wound tightly on a half a tore of a toroid as shown 
in fignre-4.168. The diameter of the cross-section of the tore 
is d and total number of turns are N. 

[ .!.1a'N] 
2 

I 

Figure 4.168 

(ix) A flat circular coil with 10 turns of wire on it has a 
diameter 20mm and carries a current 0.5A. It is mounted 

inside a long solenoid that has 200 turns and the length .of 
the solenoid is 0.25m. The current passing through the 
solenoid is 2.4A. Calculate the torque needed to hold the coil 
with its axis perpendicular to that of solenoid. 

[3.78 x IO-' Nm] 

(x) The coil of a moving coil galvanometer twists through 
90° when a current of one microampere is passed through it. 
If the area of the coil is J0-4 m2 and it has 100 turns, calculate 
the magnetic field of the magnetic poles in the galvanometer. 

Torsional constant of the spring system used in galvanometer 
is given as C = 1 o-8 N-m/degree. 

[90T] 

4.11 Classical Magnetism 

About 4000 years ago in a Greek town Magnesia a shepherd 
named magnes was herding his sheep and suddenly he found 
that after he took a step some iron nails in his shoes stuck fast 
to a black rock on which he was standing. In state of surprize 
he digged the rock further and found that this rock has 
character to attract some of the metal objects. On the name of 

.. _ .:_ ___ , 75J 

the town this rock was named 'Magnetite'. It was lateranalyzed 

and found containing a compound Fe30 4 because of which 
such properties are there in this material. Over a period of 
time these properties found in many other materials also are 
called 'Magnetic Properties' and the force field because of 
which these material expert force on some specific metal objects 
is named 'Magnetic Field'. Over long period of time many 

more discoveries and experiments evolved the knowledge of 
physicists in this dolI\ain and its applications helped making 

many industrial processes more effective and productive. 

4.11.1 Pole Strength of a Magnetic Pole 

Pole strength is a measurement of magnetic field produced by 

a magnetic pole. This is a physical quantity similar to electric 

charge in electrostatics like the magnitude of a charge is a 

measure of how strong electric field the charge can produce in 

its surrounding. Similarly if pole strength of a magnetic pole 

is high then it means this pole produces high magnetic field 

in its surrounding. Unit used for measurement of magnetic 
pole strength is 'ampere-meter' or 'A-m'. 

Like positive and negative charges in magnetism there are 

two different poles exist which are called 'N011h and South 

Poles' like positive charge from a north pole magnetic flux 

comes out and like a negative charge magnetic lines goes into 

a south pole. Similar to charges in magnetism also like poles 

repel each other and unlike poles attract each other. 

Ifwe consider two independent point magnetic poles, a north 

and a south pole as shown in figure-4.169 then magnetic field 

lines in their surrounding are considered radially outward and 

radially inward respectively as shown. 

N s 

Magnetic N pole Magnetic S pole 

Figure 4.169 

Above figure shows a theoretical configuration of magnetic 
field in surrounding of these point magnetic poles because 
practically independent poles (called' monopoles') never exist 

in nature which we will study later in upcoming articles. 
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4.11.2 Coulomb's Law for Magnetic Forces 

This law gives the force of interaction between two magnetic 
poles and it is analogous to Coulomb's law for electric charges. 
First we will analyze this law at theoretical level. Figure-4.170 
shows two magnetic monopoles with pole strengths m1 and 
m2 kept at a separation r between them. The interaction force 
between the two poles is 

(i) Directly proportional to the product of magnetic pole 
strengths of the two poles 

Magnetic E_ffecis Or cUl'fiiis"8ndC1issiCa1 Maj~~ 

Thus using the value of proportionality constant expression 

given in equation-(4.179) can be rewritten as 

F= &. 111im, 
4rt r' 

... (4.181) 

In above expression we considered medium to be free space or 

air for which we take µ, = 1. 

4.11.3 Magnetic Indnction in terms of Force on Poles 

Every magnetic pole produces magnetic induction in its 

... ( 4.177) surrounding space which can exert a force on any other pole 

placed in surrounding. As already discussed that behaviour of 
(ii) Inversely proportional to the square of the distance 
between the poles 

m, 

I Foc -
r' 

r 

Figure 4.170 

... (4.178) 

m, 

From above equations-(4.177) and (4.178) we have 

F=Km,m, 
r' 

... (4.179) 

In above expression shown in euqation-( 4.179), K is a 
proportionality constant which depends upon the medium in 
which magnetic poles are placed. Value of K is given as 

K=~ 
4rt 

Whereµ is the magnetic permeability of the medium in which 
magnetic poles are kept. This is given as 

... (4.180) 

Where µ0 is the permeability of free space of which numerical 
value is given as 

µ0 =4rt x 10-7 N-m/A 

and µ, is the relative permeability of medium with respect to 
free space and it is given from equation-(4.180) as 

µ=~ 
' µ, 

Unlike to the value ofrelative permittivity of medium E, which 
always has numerical value greater than unity for different 
material medium, in magnetism depending upon the type of 
material medium value ofµ, can be greater or less than unity 
which we will discuss more in upcoming articles. 

magnetic poles in study of magnetism is more or less similar 

to that of charges in electrostatics. 

Like electric field strength we can also define magnetic 

induction in terms of force on magnetic poles as at any poini 

in region of magnetic field the force experienced by a unit 

magnetic north pole gives the magnitude of magnetic induction 

at that point in space. Figure-4.171 shows a region of magnetic 

field in which a magnetic north pole of pole strength m0 is 

placed. If it experiences a force F due to magnetic induction 

than at the location of the pole magnetic induction is given as 

Region of 
Magnetic Field 

- F B=-
m, 

Figure 4.171 

... (4.182) 

Always renoenober that similar to electrostatics, in magnetic 

field a north pole experiences force in the direction of magnetic 

field and a south pole experiences force opposite to the direction 

of magnetic field as shown in figure-4.172. The magnitude of 

force on a magnetic pole of strength m placed in magnetic 

induction B is given as 

F=mB . .. (4.183) 

Study Physics Galaxy with www.puucho.com

www.puucho.com



ffi,agnetic ·_Eff~is, ,,..ofcurrerlts "and Classical Magnetism 

n 

----•F==mB 
m(N) 

F-mB m(s) 

Figure 4.172 

4.11.4 Magnetic Induction due to a Magnetic Pole 

We've discussed in previous article that at any point magnetic 

induction is given as force experienced by a unit magnetic 
north pole placed at that point. 

Thus to determine the magnetic induction in surrounding of a 
magnetic north pole of pole strength m, we place a test pole 

m0 at a distance r from the pole at point P as shown in figure-
4.173. The magnetic force on test pole placed at point Pis 
given as 

F= Kmm, 
r' 

Figure 4.173 

The magnetic induction at point Pis given by equation-( 4.182) 
as 

F 
B =-

P m, 

Km 
B=-

P r' ... (4.184) 

=> B = µ, !!!. 
P 4n r2 ... (4.185) 

The expression given in equation-(4.184) is similar to the 
electric field produced by a point charge in its surrounding. 
About direction we've already discussed that due to a north 
pole magnetic induction is radially outward and in surrounding 
of a south pole magnetic induction is radially inward. 

- ·- - , -------77~1 
--- - "'--,," -----~--

Vectorially equation-( 4.185) can be written as 

- µ, m _ 
B,= --r 

4,c r' 

4.11.5 Bar Magnet 

--· (4,186) 

A bar magnet is a rod shaped metal object which produces 
magnetic field in its surrounding and at the two ends of it 

there are two magnetic poles - North Pole and South Pole. 
Magnetic lines originate from north pole of a magnet and 
terminate on south pole as shown in figure-4.174. At the 

magnetic poles of magnet, the strength of magnetic field is 
maximum. 

Figure 4.174 

To understand how a bar magnet produces magnetic field, we 

first discuss about the magnetic field produced by an atom. If 
in an atom there are some unpaired electrons which are 
revolving around the nucleus then these revolving electrons 

can be considered as a current carrying coil which produces 
magnetic induction as shown in figure-4.175. Thus every atom 

'3/hich have unpaired electrons can be assumed like a very 
small coil producing its own non-zero magnetic induction. 

Figure 4.175 

In fact every current carrying coil can be considered similar to 
a bar magnet. The face of coil from which the magnetic lines 
are emerging out can be regarded as its magnetic north pole 
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, 
and the other face of coil into which the magnetic lines are 
getting into can be regarded as its magnetic south pole. In a 
bar magnet all the atoms producing magnetic induction are 
aligned in such a way that these all atoms produce their 
magnetic induction in same direction so the resulting overall 
magnetic field will be high in magnitude as shown in figure-
4.174 above. The microscopic view of atoms inside a·bar 
magnet is shown in figure-4. I 76 which explains how a bar 
magnet produces magnetic field. 

Figure 4.176 

In above figure we can see that always the total magnetic flux 
originated from the north pole of a bar magnet is equal to the 
magnetic flux terminating on its south pole. Always the pole 
strengths of both the magnetic poles of a bar magnet are equal 
in magnitude. 

With above explanation we can see that the magnetic lines 
due to a coil are closed loops thus for a bar magnet also 
magnetic lines are closed loops as inside the magnet the lines 
are in opposite direction travelling from south to north pole 
forming a closed loop. 

Every bar magnet has a property that if it is cut or broken in 
parts then every part will behave as a separate bar magnet 
with two poles as independently all the parts of a bar magnet 
have internally same structure of aligned atoms producing 
magnetic field as shown in figure-4.171. 

·Magne-tiC'Effects~OfCUrrents an_d Classida{ MBQ~m] 

~~ 
,8, ,8, 

-----Figure 4.177 

The strength of a bar magnet is characterized by its magnetic 
dipole moment. If the pole strength of either pole of a bar 
magnet is m and the separation between its poles is d then the 
magnetic dipole moment of a bar magnet is given as 

µ=md ... (4.187) 

The symbol used for magnetic dipole moment is either µ or 
M. Like electric dipole moment, magnetic dipole moment is 
also a vector quantity with direction taken from south pole to 
north pole. The unit used for measurement of magnetic dipole 
moment is 'ampere - meter square' or 'A-m2'. Magnetic 
di pole moment of a bar magnet in general also called as 
'Magnetic Moment' of the magnet. 

4.11.6 Magnetic Induction doe to a Bar Magnet on its Axis 

Figure-4. I 78 shows a bar magnet with pole strength m and 
length 2d. Pis a point located at a distance r from the center 
and on the axis of magnet. The two magnetic poles produce 
magnetic induction at point Pin opposite directions as shown 
in figure. 

----u--... 
----~s!:'::'~v { ·:::-1me--------,--'P--, BN 

m m ~ ______ , _____ _ 
Figure 4.178 

With the above discussion we can say that at microscopic level The net magnetic induction at point Pis given as 
magnetic field is produced by atoms of substances which behave 
like current carrying coils. Thus in case of a current carrying 
coil always botli the magnetic poles north and south exist 
together as magnetic lines are closed loop lines so we can also 
state that in nature magnetic unipole can never exist as the 
two poles can never be isolated in any situation of a device 
producing magnetic field. 

=> 

=> 

Bp=BN-Bs 

B = µ, m 
P 41t(r-d)2 

B_µ,m[ I 
P- 47t (r-d)' 

µ, m 
41t(r+d)2 

(r~d)'] 
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µ0 4rd 
Bp = 41t (r2 -d2 ) 2 

µ, 2Mr 
Bp= 41t (r 2 -d2 ) 2 ... (4.188) 

The expression in equation-(4.188) gives the magnetic 
induction due to a bar magnet on its axial point in which we 
used magnetic moment of the magr.et as M= 2md. If the bar 
magnet is replaced with a magnetic dipole in which d << r as 
shown in figure-4.179 then the above result will be modified 

as given below 

µ 0 2Mr 
BP= 41t (r 2 -d 2 ) 2 

Thus the net magnetic induction at point Pis given as 

Bp=2Bcos8 

B -2(µ, m ) d 
P- 41t(r2 +d2

) • .Jr'+d' 

µ, M 
Bp= 41t(r2 +d2 ) 312 ... (4.190). 

Similar to previous article if we calculate the magnetic 
induction at equatorial line of a magnetic dipole as shown in 
figure-4.181 then it is given by modifying expression in 
equation-(4.190) using d << r as 

B=µ' M .,.&_M 
P 41t (r 2 +d2

)
312 41t r' 

KM 2KM 
B =--

P r' 
... (4.189) => B=-

P r' 
... (4.191) 

L-------------·-----------~ = 2~ ..,_ _____ , _____ _...., 

Figure 4.179 

The result given in Equation-(4.189) is similar to the electric 
field due to an electric dipole at a point on its axis so this is 
easy to remember also. 

4.11.7 Magnetic Induction due to a Bar Magnet on its 
Equatorial Line 

Fignre-4.180 shows a bar magnet with pole strength m and 

length 2d. Pis a point located at a distance r from the center 
and on the perpendicular bisector of magnet called its 
equatorial line. The two magnetic poles produce magnetic 
induction of equal magnitude at point P due to symmetry along 

the directions as shown in figure. 

B B sine 

-----2d------
Figure 4,180 

r 

Figure 4,181 

The result in equation-(4.191) is also similar to the electric 
field due to an electric dipole at a point ou its equator. 

4.11.8 Analogy between Electric and Magnetic Dipoles 

In previous articles we've discussed that the expressions of 
magnetic induction due to a magnetic dipole at its axial and 
equatorial line are similar to those we've already studied for 
electric field produced by an electric dipole and with the 
analogy of these results we can analyze the magnetic induction 
due to a magnetic dipole in its surrounding along radial and 
transverse ~irections. Fignre-4.182 shows a point Pat a 
distance r from a magnetic dipole of dipole moment M. The 
line joining point P to the center of dipole is making an angle 
8 with the axis of dipole. With the analogy from electric dipole 
the radial and transverse components of magnetic induction 
at point P due to this magnetic dipole are given below. 

Radial component of magnetic induction is given as 
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1 so 

2KMcos0 
Br= rJ ... (4,192) 

Transverse component of magnetic induction is given as 

KMsin0 
Ba= r3 ... (4,193) 

B, 

Figure 4.182 

Using equation-(4.192) and (4.193), the resultant magnetic 

induction at point P due to magnetic dipole is given as 

B = ls'+B' P V r a 

B,= ~ '11+3cos2 0 
r 

... (4,194) 

The resulting magnetic induction at point P is aligned at an 

angle <j> from the radial direction as shown in figure-4.182 
which is given as 

... (4.195) 

4.11.9 A Small Current Carrying Coil as a Magnetic Dipole 

Figure-4.183 shows the magnetic field produced by a bar 

magnet and that of a current carrying coil which looks similar 

except the length of bar magnet but if we look at the 

figure-4.184 which shows the magnetic.field in surrounding 

of a small magnetic dipole and that of a small current carrying 

coil. Both the configurations of magnetic field lines looks 

almost identical thus a very small current carrying coil can be 

regarded as a magnetic dipole and all the results we've obtained 

for a magnetic dipole can be used for such small current 

carrying loops with magnetic dipole moment of dipole replaced 
with the magnetic moment of the coil. 

Magnetic_ Effec~- of ~~~~t:nls Bnd CJ'3Ssical Magnetism, J 

Bar Magnet 

Coil 

Figure 4.183 

Magnetic Dipole 

Small Current Coil 

Figure 4.184 
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Figure-4.185 shows a tightly wound long solenoid and the 
magnetic induction produced by it by the magnetic field lines 
configuration. This magnetic field lines configuration is almost 
same as that produced by a bar magnet thus a current carrying 
solenoid can be considered to be behaving like a bar magnet 
with magnetic moment given as 

- ------~ -,· - .. "-. -~~-""11;/ ·--.-8-1-· 
- - ··- -~~---'--'"'-' 

If the dipole is placed in a non uniform magnetic field then 
the force on it will also be non-zero which can also be given 
by the analogy with the case of electric dipole, given as 

- - dB.· F= M--n 
dx 

... (4.198) 

M=NiA ... ( 4.196) In above case ii is the unit vector along the direction of 

Figure 4.18S 

4.11.10 Force on a Magnetic Dipole in Magnetic Field 

Figure-4.186 shows a magnetic dipole of dipole moment M 
placed in a uniform magnetic induction B. As both ofits poles 
will experience equal and opposite forces as showo in figure, 
the net magnetic force on the dipole will be zero similar to an 
electric dipole placed in uniform electric field. Due to equal 
and opposite forces acting at different lines of action a couple · 
will be produced and the torque on magnetic dipole due to 
these couple forces can be given by its analogy with the case 
of electric dipole already studied in the chapter of electrostatics 

as 

'i=MxB ... (4.197) 

ln unifonn EF 

(a) 

ln unifonnMF B 

. ~mB 

mB.i.JSY' 

(b) 
Figure 4.186 

magnetic induction. Similar to the case of an electric dipole 
placed in non uniform electric field above equation-(4.198) 
gives the force on dipole along the direction of magnetic 

induction. 

Above results obtained for a magnetic dipole can be directly 
applied to a small current carrying coil in different situations. 

# Illustrative Example 4.52 

A bar magnet is O.lm long and its pole strength is 12Am. 
Find the magnetic induction at a point on its axis at a distance 

of0.2m from its centre. 

Solution 

Net magnetic induction due to bar magnet at point Pis given 
by the vector sum of the magnetic inductions at P due to the 

two poles given as 

-m +m 
-----I= O.lm ---~ 

0 ~/~1~~2~:1'!----Bi-/--+;,---0,. 
r-0.2m 

Figure 4.18? 

=> 
µo m 

B =-· 
P 411: (r-112)2 

=> 

32x!0-7 x!2x0.2 
B =-------

P (4(0.2)2 -(0.J)2)2 

# Illustrative Example 4.53 

A magnetic dipole of magnetic moment Mis suspended by a 
string in a uniform horizontal magnetic field as showo in 
figure-4.188. !fin horizontal plane this dipole is slightly tilted 
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and released, show that it will execute simple harmonic motion 
and find its oscillation period. Consider the dipole as a uniform 
rod of mass m and length I. 

% 

ISi, 1N1 

Figure 4.188 

So/utio11 

If dipole is tilted from its equilibrium position bya small angle 
0, in horizontal plane, restoring torque on magnetic dipoles is 
given as 

~R=MB sin 0 = MB0 

The angular acceleration of dipole is given as 

~A 
a= --

a= 

I 

MB a 
(m/2 /12) 

a=_ 12MB 0 
m/2 ... (4.199) 

Equation-(4.199) shows that restoring angular acceleration of 
the dipole is directly proportional to the angular displacement 
hence it will execute SHM. Comparing this with angular 
acceleration of standard angular SHM equati_on given as 
a=-oi20weget 

ro= l2MB 
m/2 

/mf 
T= 21tVUMB 

# Illustrative Example 4. 54 

A small magnetic dipole of magnetic moment 1t x I o-3 A-m2 

is placed on the Y-axis at a distance of0.lm from the origin 
with its axis parallel to X-axis. A coil having 169 turns and 
radius 0.05m is placed on the X-axis at a distance of 0.12m 

Magnetic Effects ~~-~-u~~e~!"?~d Cl85Sical M8~Q,!!~1!ifil 

from the origin with the axis of the coil coinciding with X­
axis. Find the magnitude and direction of the current in the 
coil for a compass needle placed at the origin, to point in the 
north-south direction. 

So/utio11 

The situation described in question is shown in figure-4.189. 

y 

f. • 
N= 169 
a=0.05m 

r= rm 0~-------i-7:t---+X 

I+--- X = 1.2m 
-+B• Be+-

Figure 4.189 

The magnetic induction at O due to magnetic dipole 
moment Mis given as 

µo M 
B = --N/A-m 

M 41t r3 ... (4.200) 

The direction of above magnetic induction is along positive 
%-direction. The magnetic induction at O due to the current 
carrying coil ofradius a and having N turns is given as 

Be= 2(a2 +x2)312 ... (4.201) 

The direction of above magnetic induction is along negative 
or positiveX-direction depending upon the direction of current 
in the coil. As the deflection of the compass needle at O has 
to remain north-south that means resultant field at O other 
than Earth's magnetic field should be zero or in this case BM 
should be equal and opposite to Be so as to nullify it thus we 
have 

µo M µ0Nia2 
41t ·---;., = 2(a2 +x2)3/2 

2M(a2 +x2)3/2 
; =-~-,-----';;--

4rrr3 xNa2 ... (4.202) 

2 x(,rxJ0-3)((0.05)2 + (0.12)2]312 
i=-~---'-",,-~-~-;:-=--

41tx(0.!)3 xl69x(0.05)2 

i=2.6mA 

For the field Be to be along negativeX-direction, the current 
in the coil should be in anticlockwise direction. 
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# Illustrative Example 4.55 

Centres of two similar coils P and Q having same number of 
turns are located at the coordinates (0.4, 0) and (0, 0.3) such 
that the plane of coils are perpendicular to X and Y axes 
respectively. The areas of cross sections of coils P and Qare 
in theratio4: 3. Coil Phas 16A current in clockwise direction 
and coil Q has 9,J3 A current in anti-clockwise direction as 
seen from the origin. A small compass needle is placed at the 
origin. Find the deflection of the needle, assuming the Earth's 
magnetic field negligible and the radii of the coils very small 
compared to their distance from the origin. 

y 

Q(0, 0.3) 

B, 
0 

X 

(0.4, 0) 

Figure 4.190 

Solution 

As the radius of coils is considered to be very small we can 
consider these coils as magnetic dipoles so the magnetic 
induction due to coil at a distance x along its axis is given as 

2KM µ0 NiA 
B=7 = 2n:x3 

Magnetic induction at O due to coil Pis given as 

µ0NipAp 
B = '-"--'-c-'-

P 2n:x3 
(along OX) 

Similarly the magnetic induction_ due to coil Q at O is given 
as 

(along YO) 

If the compass needle makes an angle 8 with X-axis, then it 
is along the direction of net magnetic induction at point 0 
which is given as 

tan 8= BQ = ('.Q)(~)(x:) 
Bp Ip Ap y 

tan8= (
91)(¾)(~::J' = fi 

8 = tan-I ,J3 = 60° 

# Illustrative Example 4.56 

A magnetic dipole with a dipole moment of magnitude 
0.020Am2 is released from rest in a uniform magnetic field of 
magnetic induction 52mT. When the dipole rotates due to 
magnetic couple on it through the orientations where its dipole 
moment is aligned with the magnetic field, its kinetic energy 
is 0.80 mJ. 

(a) What is the initial angle between the dipole moment and 
the magnetic field? 

(b) What is the angle when the dipole be at rest again next 
time? 

Solution 

(a) By energy conservation, we have 

=> (-MB cos 8) + 0= (-MB cos 0°) + K0o 

=> 

=> 

=> 

=> 

MB(I - cos8) = K0 

K, 
cos8= I-­

MB 

0.8 X 10-3 

cos8 = 1 - 0.02 x 52 x 10-3 

·0 = cos-1(0.23) = 76.67° 

0.23 

(b) As already discussed that dipole will execute oscillatory 
motion so on the other side of equilibrium position it will 
come to rest at the same angle 76.67°. 

# Illustrative Example 4.57 

Figure-4.191 shows two small bar magnets having dipole 
moments M1 and M2 placed at separation r. Find the magnetic 
interaction energy of this system of dipoles ford<< r. 

l+--d --->I 

Figure 4.191 

Solution 

Magnetic induction at the location of M2 due to M1 is given as 
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2KM1 µ0M1 B----~-
1 r3 - 21tr3 

Interaction energy of M2 in the field of M1 is given as 

-> -> 
U=-M2·B1 

U=-M,B1 cos0= 

4.12 Terrestrial Mag11etis111 

µ MM 0 1 2 cos0 
2ru-' 

It has been known from centuries that on suspending a magnet 
freely it aligns with its axis along north-south direction. This 
leads physicists to study more about the magnetic field 
produced by Earth and magnetic properties associated with it. 
The study of Earth's magnetism and its magnetic properties is 
called 'Terrestrial Magnetism'. Earth's magnetic field is also 
called 'Geomagnetic Field'. Cause of Earth's magnetic field 
is the rotation ofionized particles in molten core of earth which 
constitutes the convection currents at the Earth's core and 
behave like a coil which produces magnetic field in 
surrounding and it extends from inner core to outer space. 
The configuration of Earth's magnetic field is shown in 
figure-4.192. 

Rotatonal axis 

V 
' ' ' ' 

Figure 4,192 

Geographic 
Equator 

Magnetic 
Equator 

As shown in above figure, we can see that the axis of Earth's 
magnetic field is slightly tilted from its axis of rotation 
(Geographic Axis) at about 11 °. This angle changes with time 

Magnetic Effects of_ C_u!rents and Classical Magnetlpm l 
very slowly due to some geophysical factors not in scope of 
this book This axis along which Earth's magnetic coil is 
considered is called 'Magnetic Axis' of Earth. 

The points on Earth surface where this magnetic axis meet 
are called magnetic poles. Due to the direction of convection 
current inside the core of Earth its magnetic induction comes 
out from the geographic south pole and it gets into the Earth 
at geographic north pole. Thus the magnetic poles of Earth 
are located near to the opposite geographic poles as shown in 

figure-4.192. 

4.12.1 Direction of Earth's Magnetic Field on Surface 

As discussed in previous article the magnetic poles of earth 
are located near to the opposite geographic poles shown in 
figure-4.192. With the configuration of magnetic lines offorces 
in surrounding we can see that in northern hemisphere of Earth 
magnetic field direction is inward into the Earth surface and 
in southern hemisphere of Earth direction of magnetic field is 
outward from Earth surface. 

Figure-4.193(a) shows the Earth's magnetic induction BE at 
surface of Earth in northern hemisphere at point G in 
figure-4.192. The angle B which the magnetic induction makes 
with the horizontal at this point is called' Dip Angle'. Similarly 
in southern hemisphere of Earth at point H shown in 
figure-4.192 the magnetic induction is shown in 
figure-4.193(a). The horizontal and vertical components of 
Earth's magnetic induction at point Gare given as 

and 

s 

s 

BH= B,.cosB 

Bv= B,_sinB 

G 
1/, 1/, 

In northern hemisphere 

(a) 

,N 

s. 
" ,N 

In southern hemisphere 

(b) 

Figure 4.193 

Dividing equations-(4.203) and (4.204), we have 

... (4.203) 

... (4.204) 
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tan0= (!:) 
0=tan-1 (!:) ... (4.205) 

At a point in southern or northern hemisphere we can see that 

always the horizontal component of Earth's magnetic induction 

points from approximately south to north at that point thats 

why when we snspend a magnet freely at any point due to the 
magnetic torque on it due to horizontal component of Earth's 

magnetic induction the magnet aligns along north-sonth 
direction. 

A magnetic compass also works because of the torque on the 

magnetic needle due to horizontal component of Earth's 
magnetic induction. As we've discussed that magnetic poles 
ofEarth do not exactly coincide with the geographic poles but 

still the direction of BH approximately points from south to 
north direction at that point which fairly works well for the 

purpose ofnavigation as shown in figure-4.194. 

Figure 4.194 

4.12.2 Some Definitions and Understanding Earth's 
Magnetic Field 

While analyzing Earth's magnetism there are some terms we 

need to understand clearly which helps in various applications 
related to Earth's magnetism. We will discuss and understand 
all these terms one by one. 

Geographic Meridian : At any point on Earth surface this is 
a vertical plane containing north-south direction at that point. 
Figure--4.195 shows the geographic meridian at a point A on 
Earth Surface. This can also be defined as a vertical plane at 
any point on earth surface such that every horizontal line along 

east-west direction passing through this plane will cross the 

. plane normally. 

Earth surface 

Figure 4,195 

Magnetic Meridian: At any point on Earth surface this is a 
vertical plane containing the direction of net magnetic 
induction of Earth's field. Ifa surface is placed in this vertical 
plane then the magnetic flux ofEarth's magnetic field through 
this surface is always zero. Figure-4.196 shows both 
Geographic and Magnetic Meridian at a point A on Earth 
surface. 

Earth surface 

,,,,,,.,. 

...-;::ard Magnetic North Pole 

Figure 4.196 

·Geographic and Magnetic, Equator : Geographic equator 

is the circular line on earth which divides the Earth in two 
equal hemispheres at a plane normal to the axis of rotation of 
Earth whereas magnetic equator is also a circular line on Earth 
surface at which Earth's magnetic field is horizontal or dip 
angle is 0°. Both geographic and magnetic equators are shown 
in figure-4.192. 

Magnetic Declination : At any point on Earth surface it is 
the angle between the magnetic north-south direction and true 
north-south direction at that point. This is also defined as the 
angle between geographic and magnetic meridian at a point 
on Earth surface . 
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Agonic Line : It is the circular line on Earth surface which 
passes through the geographic as well as magnetic poles of 
Earth. Figure-4.197 shows the agonic line. 

Rotational axis 

Figure 4.197 

Isogonic Lines : These are lines on Earth surface joining the 
points on Earth surface where magnetic declination is same. 
Further details about these lines are not in our scope of 
discussion. 

Aclinic Line : It is the circnlar line on Earth surface at every 
point of which dip angle is 0°. This line is same as magnetic 
equator already discussed. 

Isoclinic Lines : These are lines on Earth surface joining the 
points on Earth surface where dip angle has same valnes. 

Dip Needle : There is a device similar to compass needle 
which is used to measure the dip aogle at a point on earth 
surface. 

Figure 4.198 

This is called 'Dip Needle' shown in figure-4. 198. This needle 
is mounted to rotate freely in a vertical plane. First the needle 
plaoe is placed in magnetic meridian so that the needle gets 
aligned along the direction ofnet magnetic induction of Earth 

Magnetic ,Effects 'of: Cu~ren_ts-, 8rlQ Clclssica):MaQrntfi~'fil 

as shown in figure then on the pre-calibrated scale dip angle 
can be measured. 

4.12.3 Tangent Galvanometer 

Taogent galvaoometer is a device used to calculate horizontal 
component of Earth's.magnetic induction. Figure-4.199(a) 
shows a tangent galvaoometer in which there is a circular coil 
C mounted on a stand in vertical plane which cao be rotated 
on the mount A horizontal compass needle is fixed at the 
center of coil as shown. On the mount of the device the ends 
of the coil wire are connected to terminals at which external 
lead wires can be joined and current is passed in the coil C. 
Figure-4. 199(b) shows the picture of an actual tangent 
galvanometer used in labs. 

s 

Ammeter 
Terminals 

A 
Leveling screws 

(a) 

(b) 
Figure 4.199 

Rheostat 
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To setup the tangent galvanometer for experiment first the 

coil C is rotated and aligned along the magnetic meridian. 

For this coil C is to be rotated till the compass needle comes in 

the vertical plane of coil as the vertical plane in which compass 

needle naturally floats is the magnetic meridian at a point on 

earth surface. 

Now a current is passed through the coil C and it is gradually 

increased by sliding the rheostat. Due to current in coil it 

produces a magnetic induction at its center due to which the 

magnetic needle deflects. If B c is the magnetic induction at 

center of coil due to coil current and B H is the horizontal 

component of earth's magnetic induction at this point then 

deflection of compass needle from its initial direction is given 

as 

0=tan-1 (!:) ... (4.206) 

Figure-4.200 shows the deflection of compass needle at the 

center of coil C due to magnetic induction of the coil current. 

B, ----=:--.::----

Figure 4.200 

While executing the experiment we change the current in coil 

till the deflection angle ofneedle becomes 45° and at this state 

we measure the reading of ammeter, say this is /. Thus at 

0 =45° we use 

BH=Bc 

µ,JN· 
BH=2JI ... (4.207) 

By substituting the values on RHS of equation-(4.207) we can · 

calculate the value of B8 . The experiment can be repeated for 
• different values of N by selecting different terminals on the 

mount of tangent galvanometer and calculate several values 

of B
8 

of which average can be obtained along with error 

analysis and standard deviation of the experimental value of 

BH" 

4.12.4 Deflection Magnetometer 

87j 

shown in figure-4.20 I. The compass is fixed at the scale in 

such a way that its circular scale can be rotated which is marked 

with 0° -90° --0° -90° in perpendicular direction as shown which 

are kept exactly perpendicular to the scale as shown in 

figure-4.201. 

1+-----d,----~ 

Figure 4.201 

There are two positions of the magnetometer for measuring 

the magnetic moment of a bar magnet or a magnetic dipole. 

These are called 'tanA' and 'tanB' positions. In tanA position 

of magnetometer, the scale of magnetometer is placed at a 

point along east-west line as shown in figure-4.202 and it is 

adjusted so that the compass needle points exactly along N-S 

direction of compass which is perpendicular to the scale. The 

magnetic dipole of which magnetic moment is to be measured 

is also placed along the scale line as shown at some distance 

d
1 

from the compass needle. The magnetic induction due to 

the magnetic dipole at the location of compass is given as 

yy 

2KM 
B,= --;p-

' 

., , , 9(10 

1+-----d,----->I 

Figure 4.202 

If horizontal component of earth's magnetic field is B H then 
in tanA position deflection of compass needle is given as 

B, 
tan0 = -

I BH 
... (4.208) 

Deflection magnetometer is an experimental setup used to ~ 

measure the magnetic moment and pole strength of a bar 

magnet. It is also used to compare the pole strengths of two 
... (4.209) bar magnets. A deflection magnetometer consists of a small ~ 

magnetic compass needle pivoted at the center of a scale as 
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Now the magnetometer scale is rotated by 90° and it is placed 
along north-south direction and its circular scale is also rotated 
with 90°-90° line along N-S direction and it is adjusted so 
that magnetic needle exactly points parallel to the scale. This 
is called tan B position of the magnetometer which is shown 
in figure-4.203. At the same distance from the compass the 
magnetic dipole is now placed along east-west line 
perpendicular to the scale as shown in figure. At the location 
of compass needle the magnetic induction due to the magnetic 
dipole is given as 

zz 

Figure 4,203 

Now again the compass needle deflects under the influence of 
two mutually perpendicular magnetic fields so its deflection 
is given as 

B, 
tan9 = -
' 2 BH ... (4.210) 

... (4.211) 

Using eqvation-(4.209) and (4.211) magnetic moment of 
magnetic dipole can be calculated. If we use a bar magnet 
then instead ofresults of magnetic dipole we need to use the 

Magnetic Effects ·C?f_C~~-e.!!.~~nd Cla8sical Magnetism] 

result of magnetic induction due to a bar magnet along its 
axial point in tanA position and result of magnetic induction 
due to a bar magnet at its equatorial point in tanB position. 

4.12.5 Earth's Magnetic Field in Other Units 

Earth's magnetic field is produced by the convection currents 
at the core of earth and the field which is observed outside the 

earth's surface magnetizes different materials found on earth 

surface and inside as well. Over a long period of time such 

materials transform into magnets as these are magnetised by 
earth's magnetic field. So it was considered that earth's 

magnetic field is independent of the type of material which is 

being magnetized and it was used to be referred as 'Earth's 
Magnetizing Field' and it was denoted by the symbol H which 

is measured in unit~ of 'Ampere per meter' or 'Alm'. After 
the detailed study of magnetic induction over a period oftime 

it was understood that magnetic induction changes when the 

field enters inside a material medium due to polarization of 

medium similar to the case of electric field when it enters in a 
dielectric medium. The only difference in magnetic induction 

and magnetizing field is that of medium dependency and 
magnetic induction is measured in units of' Tesla' or 'T'. Still 
in many question sometimes earth's magnetic field is given in 

units of 'Nm' which can be converted into 'T' by using the 
relation in B and H as 

B =µH 

... (4.212) 

About the above relation given in equation-(4.212) and 
magnetizing field we will study in detail under the topic of 
magnetic properties of material in next chapter. 

4.12.6 Apparent angle of dip at a point on Earth's Surface 

When at a point on earth's surface dip needle is placed in 

magnetic meridian then it aligns along the direction of earth's 
magnetic field and on the vertical circular scale we can measure 
the dip angle at that location. 

When the dip needle is rlaced in a plane which is at an angle 
9 to the magnetic meridian then in this plane the horizontal 
component of earth's magnetic field is given as 

B~=B8 cos9 

If 9 D ' is the dip angle measured by the dip needle which is 
called apparent dip angle at this location then it is given as 

B 
tan0l) = v 

B8 cos9 ... (4.213) 
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True dip angle 0D at this location is given as 

B, 
lane =-

D BH 
... (4.214) 

From above equations-(4.213) and (4.214) we have 

... (4.215) 

Above equation-(4.215) relates the true dip angle, apparent 

dip angle and the angle between the vertical plane and the 

magnetic meridian in which the dip angle is apprently 

measured. 

# Illustrative Example 4.58 

At a point on earth surface horizontal component of earth"s 
magnetic field is 40µT and dip angle is 30°. Find the total 

magnetic field of earth at this point. 

Solution 

In this case we use 

Bn=BEcos0 

Bn 40x10-6 
B=--=-~-

E cos0 ../312 

BE=46µT 

# Illustrative Example 4. 59 

The radius of tangent galvanometer coil is 16cm. Find the 
number of turn in its coil if a current of 40mA is required to 

produce a deflection of 30° in it from magnetic meridian. 
Horizontal component of earth's magnetic field is 36 x J0-6 T. 

Solution 

In a tangent galvanometer if needle deflection is 0 from 

magnetic meridian as shown in figure-4.204 we use 

o· 
C --------------

-----------~8~ __ __,.,___ __ 
MM 

Figure 4.204 

I 

.L-----~~ 
µ0NJ 
--=B tan0 

2R H 

2x 0.16x 36xl0-6 xi/ ../3 
N=---------

41tx10-1 x40xl0-3 

N= 0.0132 x 104 = 132 turns 

# Illustrative Example 4. 60 

In the magnetic meridian of a certain place at the center of 
the coil ofa tangent galvanometer, the horizontal component 
of earth's magnetic field is 0.26G and the dip angle is 60°. 
Find: 

(a) Vertical component of earth's magnetic field 

(b) The net magnetic field at this place. 

(c) If a current is passed in tangent galvanometer, its coil 
produces a magnetic induction 3.47 x J0-3T. Calculate the 
defleciton in compass needle of tangent galvanometer. 

Solution 

(a) Vertical component of earth's field is given as 

Bv=Bntan 0 

Bv = (0.26) tan 60° = 0.45G 

(b) Horizontal component and total field of earth are related 

as 
Bn=BEcos 0 

Bn 0.26 
=> BE= --

0 
= - 600 = 0.52G 

cos cos 

(c) At the center of coil the horizontal component of earth's 

magnetic induction in tesla is given as 

Bn= 0.26 x 104 T 

The deflection in compass needle of a tangent galvanometer 
is given as 

0= tan-'(3.47xl0-') 
2.6x 10-3 

0 = tan-1(1.33) = 63° 
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Practice Exercise 4.6 

(i) A short bar magnet is placed in magnetic meridian with 
its north pole pointing toward south: Its magnetic moment is 
2Am2. Neutral point is obtained 10cm from centre of magnet 
toward north. Calculate horizontal component of earth's 
magnetic field. 

[40µT] 

(ii) A magnetic dipole of magnetic moment 6Am2 is lying 
in a horizontal plane with its north pole pointing toward 60° 
East ofNorth. Find the net horizontal magnetic field at a point· 
on the ax.is of the magnet 0.2m away from it. Horizontal 
Component of earth field at this place is 30µT. 

[3M[µT] 

(iii) A coil of50 turns and 10cm diameter is made out ofa 
wire ofresistivity 2 x I ()-6 Qcm and cross sectional radius 
0.1mm. The coil is connected to a source ofEMF IOV and of 
negligible internal resistance. 

(a) Find the current through the coil 

(b) What must be potential difference across the coil so as 
to nullify the horizontal component of earth's magnetic 
field, 0.314 x J0--4T at the centre of the coil. How should the 
coil be placed to achieve. this result? 

[(a) lA; (b) 0.5V, coil is placed in a ?lane normal to magnetic meridian]. 

(iv) Two circular coils, each of!O0 turns are held such that 
one lies in the vertical plane and the other in the horizontal 
plane with their centres coinciding. The radii of the vertical 
and the horizontal coils are respectively 20cm and 30cm. If 
the directions of the currents in them are such that the earth's 
magnetic field at the centre of the coils is exactly neutralised, 
calculate the currents in each coil. Horizontal component of 

· " . • -- ,,, • - --~: - ' '":r-:c-·-:-,..,--,=~:r;,,._,..---~~~-.,.-,m•.w;i 
• Magnetic Effects of cu&nts,'prid:C,lassical M'!!)!leti~ 

earth's field at common center of coils is 27.8 Nm and angle 
of dip at this point is 30°. 

[lll.2mA, 96.3mA] 

(v) A magnetic needle suspended in a vertical plane at 30° 
from the magnetic meridian makes an angle of 45° with the 
horizontal. Find the true angle of dip. 

[41°] 

(vi) Two small magnets of magnetic moments 0.108Am2 

and 0. 192Am2 are placed at some separation that their axes 
are mutually perpendicular. If the distance of the point of 
intersection of axes of magnets be respectively 30cm and 40cm 
from these magnets, then find the resultant magnetic induction 
at the point of intersection. The magnetic moments of both 
the magnets are pointing toward the point of intersection of 

their axes. 

[lo-<'] 

(vii) A short magnet produces a deflection of30° in needle 
of a magnetometer when placed at certain distance in tanA 
position of magnetometer. If another short magnet of double 
the length and thrice the pole strength is placed at the same 
distance in tanB position of the magnetometer, what is the 
deflection. produced ? 

[60°] 

(viii) A ma_gnetic needle performs20 oscillations per minute 
in a horizontal plane. If the angle of dip be 30°, then how 
many oscillations per minute will this needle perform in 
vertical north0 south plane and in vertical east-west plane? 

[21.S min-1, 15.2 ~n-1] 
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Discussion Question 
Q4-1 A bar magnet is stationary in magnetic meridian. Another 
similar magnet is kept parallel to it such that the centres lie on 
their perpendicular bisectors. If the.second magnet is free to 
move, then what type of motion it will have : translatory, rotatory 
or both? 

Q4-3 Does Ampere's law on a closed loop in a region is valid 
ifno current is enclosed by the loop and there are some currents 
which exist oµtside the loop. 

Q4-2 The electric current in a straight wire is constant and 
wire is kept along east-west line at a point in a horizontal plane. 
A point Pis located to the north side of wire at some distance. 
What is the direction of magnetic induction at point P. If the 
wire is rotated in horizontal plane hy an angle 30° then what 
will be the direction at point P. 

Q4-3 Is it possible that a body's speed can be increased by 
magnetic furces? Explain. · 

Q4-4 Torques T 1 and T2 are required for a magnetic needle to 
remain perpendicular to the magnetic fields at two different 
places. What is the ratio of magnetic fields at those places? 

Q4-5 If a wire carries a time varying current then in its 
surrounding will Ampere's law be valid for a closed loop-. 

Q4-6 Is it possible that a closed current carrying loop placed 
in a magnetic field experiences a non-zero magnetic force? 
Explain. 

Q4-7 If a compass-needle be placed on the magnetic north 
pole of the earth then how it behave? If a dip needle be placed 
at the same place, then what will be its behaviour? 

Q4-8 A current carrying wire is placed along the axis of a 
uniformly charged circular ring. Ifthe ring starts rotating about 
its central axis what will be force on the current carrying wire 
due to the moving charges ofring. 

Q4-9 An isolated metal wire not carrying any current is placed 
in magnetic field. Does free electrons of this metal wire 
experience magnetic force due to thermal motion. If yes what is 
the effect of it. 

Q4-10 If the horizontal and vertical components of earth's 
magnetic field are equal at a certain place, what is the angle of 
dip there? 

Q4-11 In different electrical circuit generally connecting lead 
wires are twisted together in electrical appliances. Why this is 
done? 

Q4-12 For a three dimensional current carrying loop is it 
possible that in a magnetic field net torque on _it is zero for 

some orientation? Explain the situation. 

Q4-13 What is the maximum value of the angle of dip? At 

what places does it occur? 

Q4-14 Why an iron pin is attracted to the ends ofa bar magnet 
but notto the middle region ofit. Is the material ofa magnet at 

the end is differently or strongly polarized or it is something 
else? Explain. 

Q4-15 Two wires carrying equal currents are placed at right 
angle to each other without contact at middle point. Ifonewire 

is kept fixed and other is released from rest. Describe the motion 

of this wire. 

Q4-16 Cosmic rays are charged particles that strike out 
atmosphere from some external source. We find that more 
low-energy cosmic rays reach the earth at the north and south 
magnetic poles than at the (magnetic) equator. Why it is so? 

Q4-17 Can you calculate magnetic induction due to a 
semi-infinite current carrying straight wire. Ifnot then explain 

why? 

Q4-18 When two magnets are placed in such a way along the 
same line that their opposite poles facing each other. Now if 
the magnets are released from rest they gain kinetic energy 
due to attractive forces. Is work done by magnetic forces in 
this case non-zero or it is something else. 

Q4-19 Is there any point on earth surface where dip angle is 

90°? If yes how many such points are there. 

Q4-20 Two high energy proton beams if parallel to each other 
repel each other whereas two parallel wires carrying currents 
in same direction attract each other. Why? 

Q4-21 A charged particle moves with a ·velocity v near a 

current carrying wire experiences a magnetic force on it. If this 
charge is observed from a reference frame also moving at same 
velocity v as that of charge then this charge will appear at rest 
to the observer in moving frame. Will magnetic force and 
magnetic field in that reference frame become zero? Explain. 

Q4-22 The neutron, which has no charge, has a magnetic 
dipole moment. Is this possible? 

* * * * * 
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Conceptual MCQs Single Option Correct 
4-1 A uniform magnetic field is at right angles to the direction 

of motion of protons. As a result, the protons describes a 
circular path ofradius 2.5cm. if the speed of the protons is 

doubled, then the radius of the circular path will be : 
(A) 0.5 cm (B) 2.5 cm 

(C) 5.0 cm (D) 7.5 cm 

4-2 A current is passed through a straight wire bent at a point. 
The magnetic field established around it has its lines offorces : 
(A) Circular and endless 

(B) Oval in shape and endless 
(C) Straight 
(D) All are true 

4-3 A charged particle moves in a circular path in a uniform 
magnetic field. Ifits speed is reduced then its time period will : 
(A) Increase (B) Decrease 

(C) Remain same (D) None of these 

4-4 An electron of mass m,, initially at rest, moves through a 
certain distance in a uniform electric field in time 11• A proton of 

mass mp, also, initially at rest, takes time 12 to move through an 
equal distance in this uniform electric field. neglecting the effect 
of gravity, the ratio of t/t1 is nearly equal to : 

(A) I (B) (m/m,)112 

(C) (m,im/12 (D) 1836 

4-5 A proton, a deuteron and an a-particle having the same 
kinetic energy are moving in circular trajectories in a constant 

magnetic field. if rP, rd and r0 denote respectively the radii of 
the trajectories of these particles, then : 

(A) r0 =rP<rd (B) r0 >rd>rP 

(C) r0 =rd>rp (D) rp=rd=ra 

4-8 Identify the correct statement related to the direction of 
magnetic moment ofa planar loop : 

(A) It is always perpendicular to the plane of the loop 
(B) It depends on the direction of current 
(C) It can be obtained by right hand screw rule 
(D) All of the above 

4-7 Two free parallel wires carrying currents.in the opposite 
directions : 

(A) Attract each other 
(B) Repel each other 

(C) Do not affect each other 

(D) Get rotated to be perpendicular to each other 

4-8 A non-planer closed loop of arbitrary shape carrying a 
current f is placed in uniform magnetic field. The force acting 
on the loop: 
(A) Is zero only for one orientation ofloop in magnetic field 
(B) Is zero for two symmetrically located positions ofloop in 
magnetic field 
(C) Is zero for all orientations 
(D) Is never zero 

4-9 A vertical straight conductor carries a current vertically 
upwards. A point Plies to the east of it a small distance and 
another point Q lies to the west at the same distance. The 
magnetic induction magnitude at Pis : 
(A) Greater than at Q 
(B) Same as at Q 
(C) Less than at Q 

(D) Greater or less than at Q depending upon the strength of 
the current 

4-10 A wire is placed parallel to the lines of force in a magnetic 
field and a current flows in the wire. Then : 
(A) The wire will experience a force in the direction of the 
magnetic field 
(B) The wire will not. experience any force at all 
(C) The wire will experience a force in a direction opposite to 
the field 
(D) It experiences a force in a direction perpendicular to lines 
of force 

4-11 The straight wire AB carries a current/. The ends of the 
wire subtend angles 81 and 82 at the point P as shown in 
fignre-4.205. The magnetic field at the point Pis : 

A 

Figure 4.205 

µ0fc·0 ·0J (A) - SID I -sm 2 
41ta 

µof 
(C) -(cos81 -cos02) 

41ta 

(B) µof(. 0 . 0) -- sm 1 +sm 2 4na 
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4-12 The coil ofa tangent galvanometer is pnt in the magnetic 
meridian: 
(A) To avoid the magnetic effect of the earth field 

(B) To produce intense magnetic field at the centre of the coil 

(C) To produce a field at right angle to the earth's field 
(D) To avoid error due to parallax 

4-13 Two circular coilsX and Yhaving equal number of turns 
and carry equal currents in the same sense and subtend same 
solid angle at point 0. Ifthe smaller coil Xis midway between 0 
and Y, then ifwe represent the magnetic induction due to the 
bigger coil Y at O as B and that due to smaller coil x at Oas B,, . y 

then: 

!+---------- -- d ------------>! 

. . :.·.---~- . . . -- --,--_-·gfJ 
4-17 The figure shows the cross-section of two long coaxial 
tubes carrying equal currents Jin opposite directions. If B

1 
and B2 are magnetic fields at points l and 2, as shown in 
figure-4.207 then : 

(A) B1 ;,O; B2=0 

(C) B1 ;,0;B2 ;,0 

Figure 4.207 

(B) B1=0;B2=0 
(D) B1=0;B2 ;,0 

1-+-----+-'-ll-------il:~o 4-18 An insulating rod oflength I carries a charge q uniformly 

y 

Figure 4.206 

(A) 
By 

(B) 
B, 

-=025 s=o.s B . 
X X 

(C) BY =I (D) 
B, 
-=2 

B, B, 

4-14 Two parallel wires carrying currents in the same direction 
attract each other because of: 
(A) Potential difference between them 

(B) Mutual inductance between them 

(C) Electric forces between them 
(D) Magnetic forces between them 

4-15 Two straight long wires are set parallel to each other. 

Each carries a currenti in the same direction and the separation 
between them is 2r. The magnetic induction at a distance r 
between the two ~res is : 

(A) i/r (B) 2 i/r 
(C) 4 i/r (D) Zero 

4-16 The magnetic field ofa U-magnet is parallel to the surface 
of this paper with the N-pole on the left side. A conductor is 
placed in the field so that it is perpendicular to this page. When 
a current flows through the conductor out of the paper, it will 

tend to move : 
(A) Downward 

(B) Upward 
(C) To the right 
(D) First downward and then upward 

distributed on it. The rod is pivoted at one of its ends and is 
rotated at a frequency J about a fixed perpendicular axis. The 
magnetic moment of the rod is : 

(A) rrq//2 
12 

rrq/12 
(C) 6 

(B) 

(D) 

rrq/12 

2 

itq/12 

3 

4-19 The strength ofthe magnetic field around a long straight 
current carrying conductor : 
(A) Is same everywhere around the conductor 

(B) Obeys inverse square law 
(C) Is directlyproportional to the square of the distance from 

the cnductor 
(D) None of the above 

4-20 The plane of a dip circle is set in the geographical meridian 
and the apparent dip angle is 01• It is then set in a vertical plane 
perpendicular to the geographical meridian, the apparent dip 

becomes 02• The angle of declination a at that place is given 
as: 

(A) tana=~(tan01 tan02 ) (B) tana=tan0/tan82 

(C) tan a= (tan201 + tan202) (D) tan a= tan 0Jtan 01 

4-21 A moving coil type of galvanometer is based upon the 
principle that : 
(A) Wrre carrying a current experiences a force in magnetic 
field 
(B) Wire carrying current produces a force in magnetic field 

(C) A current carrying loop in magnetic field experiences a 
torque 
(D) All are true 
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4-22 A charge moving with velocity v in %-direction is 
subjected to a field of magnetic induction in negative 

X-direction. As a result, the charge will : 
(A) Remain uneffected 

(B) Start moving in a circular path Y-Z plane 
(C) Retard along X-axis 
(.D) Moving along a helical path around X-axis 

4-23 A rectangular loop carrying a current i is situated near a 
long straight wire such that the wire is parallel to one of the 

sides of the loop and is in the plane of the loop. If a steady 
current Jis established in the wire as shown in figure-4.208, the 

loop will: 

I 

0 
Figure 4.208 

(A) Rotate about an axis parallel to the wire 
(B) Move away from the wire 
(C) Move towards the wire 
(.D) Remain stationary 

4-24 An electron enters a region where magnetic induction B 
and electric field strength E are mutually perpendicular, then: 
(A) !twill always move in the direction ofB 
(B) !twill always move in the direction ofE 
(C) It always possess circular motion 
(.D) It can go undeflected 

4-25 A length of wire carries a steady current It is bent first to 

form a circular plane coil of one tum. the same length is now 
bent more sharply to give a double loop of smaller radius. The 
magnetic field at the centre caused by the same current is: 
(A) Quarter ofits first value 
(B) Unaltered 
(C) Four times ofits first value 
(.D) A halfofits first value 

4-26 A proton and an a-particle enter in a uniform magnetic 
field with the same velocity. The period of rotation of the 
a-particlewill be: 

(A) Four times that of the proton 
(B) Two times that of the proton 
(C) Three times that of the proton 
(.D) Same as that of the proton 

Magn~tic Eff~ts ~ _c~rr-ents and Classical Magnetism_ j 

4-27 Two particles X and Yhaving equal charges, after beiug 

accelerated through the same potential difference, enter a region 

of uniform magnetic field and describe circular paths of radii R1 

and R2 respectively. The ratio of the masses ofXto that of Y: 

(A) (R/R2) 112 (B) R,!R1 

(C) (R/R2)2 (.D) R/R2 

4-28 If a charged particle moves through a magnetic field 

perpendicular to it: 

(A) Both momentum and energy of the particle change 

(B) The momentum changes but the energy is constant 

(C) Both momentum and energy are constant 

(.D) The momentum remains constant and energy is changed 

4-29 A uniform electric field and a uniform magnetic field are 

produced in a region pointed in the same direction. An electron 

is projected with its velocity pointed in the same direction of 

fields: 

(A) The electron will tum to its right 

(B) The electron will turn to its left 

(C) Toe electron velocity will increase in magnitude 

(.D) The electron velocitywill decrease in magnitude 

4-30 Two single turn circular coils P and Q are made from 

similar wires but radius of Q is twice that of P. What should be 

the value of potential difference across them so that the 

magnetic induction at their centre may be the same? 

(A) v.=2~ (B) v.=3Vp 
(C) v. = 4~ (.D) v. = 1/4~ 

4-31 A proton (mass m and charge +e) and an alpha particle 

(mass 4m and charge+ 2e) are projected with the same kinetic 

energy at right angles to a uniform magnetic field. Which one 

of the following statements will be true ? 
(A) The alpha-particle will be bent in a circular path with a 

smaller radius that of the proton 

(B) The radius of the path of the alpha-particle will be greater 
than that of the proton 

(C) The alpha-particle and the proton will be bent in a circular 

path with the same radius 

(.D) The alpha-particle and_ the proton will go through the field 
in a straight line 

4-32 A circular coil has one tum and carries a current i. The 

same wire is wound into a smaller coil of 4 turns and the same 

current is passed through it. The field at the centre : 

(A) Decreases to 1/4 of the value 
(B) Is the same 

(C) Increases to 14 times the value 

(.D) Decreases to 16 times the value 

Study Physics Galaxy with www.puucho.com

www.puucho.com



fMagrletic E.fr~ts' _ Of ·_currents_ and_ Classica,1 _ Magnetism 

4-33 Two electrons move parallel to each other with equ~l 
speed v. The ratio of magnetic and electrical forces between 
them is: 
(A) vie 
(C) v'Jc2 

(B) c/v 
(D) c2/v2 

4-34 An electron having a charge-e moves with a velocityv 
in positive %-direction. An electric field exist in region along 

positive Y-direction and a magnetic field exist in the region 
along negative %-direction. The force on the electron acts in : 

( A) Positive direction of Y-axis 

(B) Negative direction of Y-axis 
(C) Positive direction ofZ-axis. 
(D) Negative direction ofZ-axis 

4-35 A charged particle moving in a uniform magnetic field 

penetrates a layer oflead and loses one half of its kinetic energy. 
The radius of curvature changes to : 

(A) Twice the original radius 

(B) .Ji times the original radius 

(C) Half the original radius 

(D) (1/ ./2) times the original radius 

4-36 Protons are shot in a region perpendicular to a uniform 

magnetic field in a region : 

·_· __ -·_·····..:. ..... ___ , ___ 95..,I 

(A) Magnetic field will have no influence on the motion of 

protons 
(B) Protons will continue to move in the same direction but 
will gain momentum 

(C) Protons will continue to move in the opposite directions 
but will gain momentum 
(D) They will bend in an arc ofcircle 

4-37 In the given diagram, two long parallel wires carry equal 

currents in opposite directions. Point O is situated midway 

between the wires and the X-Y plane contains the two wires 

and the positive Z-axis comes normally out of the plane of 
paper. The magnetic field Bat O is non-zero along: 

J-x 
z 

x=+d x=+d 

(A) X, Y and Z axes 
(C) Y-axis 

-----u-----

Figure 4.209 

(B) X-axis 
(D) Z-axis 

* * * * * 
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Numerical MCQs Single Options Correct 
4-1 An infinitely long wire carrying current I is placed along Y 
axis with current away from origin such that its one end is at 

point A (0, b) while the wire extends upto + oo as shown in 
figure-4.210. The magnitude of magnetic induction at point 

(a, 0) is: 

t' 
' ' jl 
' ' ' ' ' 

(0, O)i 
' 

(a, 0) 

Figure· 4.210 

(A) _µo_l(l+-b-) 
4= 1a2 +bi 

(B) µ01 (i b ) 
4= ,Jai +bi 

(C) µ 01( b ) 
4= ,Ja2+b2 . 

(D) None of these 

4-2 A conducting rod of mass 50g and length 10cm slide 

without friction on two long, horizontal rails as shown in 
figure-4211. 

• • • • • • • 

• • • • • 
Rod 

• • • • + • 
• • • • • 

• • • • • • • 
Figure 4.211 

A nniforrnmagnetic induction of magnitude 5mT exists in the 
region, as shown. A source Sis used to maintain a constant 
current 2A through the rod. If motion of the rod starts from the 
rest, its speed after the I Os from the start of the motion, will be: 
(A) 2cm/s (B) 8cmls 
(C) 12cm/s (D) 20cmls 

4-3 Figure-4.212 shows a long straight wire carrying current I, 
is bent at its midpoint to form an angle of 45". Magnetic 
induction at point P, distance R from point ofbending is equal 
to: 

Figure 4,212 

(A) 
( ..fi - !)µof 

41'11 

(..fi + 1)µ01 
(C) 4../irul 

41'11 

(..fi-1)µ 01 
(D) 2..firu1 

44 1\vo infinitely long stright wires are arranged perpendicular 
to each other and are in mutually perpendicular planes as 
shown in figure-4.213. Ifl 1 = 2A along they-axis and 12 = 3A 
along negative z-axis and AP = AB = I cm. The magnetic 
induction jj at point Pis: 

I, 

I, 

... P~--A----------, 

Figure 4,213 

(A) (3x 10-5T)] +(-4x 10-5T)k 

(B) (3x!o-5T))+(4x!0-5T)k 
(C) (4x I0-5T)) +(3 x 10-5 T)k 
(D) (-3 x J0-5 T)) +(4 x 10-5 T)k 

4-5 A particle of mass m and charge q is thrown from origin at 

t = 0 with velocity 2/ + 3 J + 4k nnits in a region with nniforrn 

magnetic field jj = 2/ nnits. After time t= mn/qB, an electric 
field E is switched on such that particle moves on a straight 

line with constant speed. E may be : 

(A) 5k-lO)nnits (B) -6k-9)nnits 

(C) -6k+8} nnits (D) 6k+8] nnits 

4-6 If the magnetic induction at a point on the axis of current 
coil is half of that at the centre of the coil, then the distance of 

that point from the centre of the coil is : 

R 
(A) 2 

3R· 
(C) 2 

(B) R 

(D) 0.766R 

4-7 A current carrying circular coil of single tum of mass mis 
hanged by two ideal strings as shown in the figure-4.214. A 
constant magnetic field jj is set up in the horizontal direction 
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in the region. The ratio of tension (T/T2) in the string will be: taken counterclockwise around each loop shown in figure: 

mg 
[TakerrBJR= 4 and9=45"inthefigureshown] 

(A) 2: I 
(C) 4: I 

z 

T, T1 
--+-----+--1 

-y 

Figure 4.214 

(B) 5:3 
(D) 1:2 

4-11 A helium nucleus is moving in a circular path ofradius 0.8m. 
If it takes 2s to complete one revolution. Find out magnetic field 
produced at the centre of the circle: 

I o-t9 
(A) µ

0
xro-19 T (B) --T 

µo 

2 X 10-t 9 

(C) 2x 1O-19 T (D) ---T 
µo 

4-9 A conductor of length / and mass m is placed along the 
east-west line on a table. Suddenly a certain amount ofcharge 
is passed through it and it is found to jump to a height h. The 
earth's horizontal magnetic induction is B. The charge passed 
through the conductor is : 

(A) Bmgh 

(C) gh 
B/m 

-J2gh 
(B) Blm 

m,/zih 
(D) Bl 

4-10 An a particle is moving along a circle ofradius R with a 
constant angular velocity ro. Point A lies in the same plane at a 
distance 2R from the centre. The pointA records magnetic field 
produced by a particle. If the minimum time interval between 
two successive times at which A records zero magnetic field is 
't', the angular speed ro, in terms oft is : 

2rr 2rr 
(A) -t (B) 31 

" (D) 

4-11 Consider six wires coming into or out of the page as 
shown in figure-4.215, all with the same current. Rank the line 
integral of the magnetic field from most positive to most negative 

(A) B>C>D>A 
(C) B>A>C=D 

Loop A 

-Figure 4.21S 

(B) B>C=D>A 
(D) C>B=D>A 

4-12 A current / flows in a closed path in a plane arcs as 
shown in the figure-4.216. The path consists ofeight cars with 
alternating radii rand 2r. Each segment ofarc subtends equal 
angle at the conunon centre P. The magnetic field produced by 
current path at point Pis : 

Figure 4.216 

3 µ 01 
(A) 8-r- ; perpendicular to the plane of the paper and directed 

inward 
I µ 01 

(B) -
8 

- ; perpendicular to the plane of the paper and directed 
- r 

ontward 
I µ 01 

(C) 8 ~ ; perpendicular to the plane of the paper and directed 

inward 
3 µ 01 _ . 

(D) -
8 

- perpendicular to the plane of the paper and drrected 
r ., 

outward 

4-13 A charged particle of specific charge (charge/mass) a is 
released from origin at time t= 0 with a velocity given as 

v=v0U+J) 
The magnetic field in region is uniform with magnetic induction 

- - " B = B0i. Coordinates of the particle attime t= -B are: 
oa 

(A) ( Vo .fi.vo -vo ) (B) ( -vo O o) 
2B0a.' a.B0 'B0a. 2B0a.' ' 

(C) (o, 2v0 , v0rr ) (D) ( v0rr ,O, -2v0) 
B0a 2B0a B0a B0a 
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4-14 The configuration of some current carrying wires is 
shown in figure-4.217. All straight wires are very long. Both 
AB and CD are arcs of the same circle, both subtending right 
angles at the centre 0. The magnetic field at O is: 

_ _.A~------i----A' 
I ~._, 

' ' 
B -----~'._\ ------C' 

0, C 
' \, : 

... , .. _ r 

D 

B' D' 

Figure 4.21 7 

(A) 
µoi 

(B) 
µoi --J2 

41tR 4rrR 

(C) 
µoi 

(D) µoi (rr+l) 
2itR 2rrR 

4-15 A current i in a circular loop of radius b produces a 

magnetic field. At a fixed point fur from the loop on its axis the 
magnetic field is proportional to which of the following 
combinations of i and b ? 
(A) ib 
(C) ;2b 

(B), ib2 

(D) i/b2 

4-16 Two long conductors are arranged as shown above to 
form overlapping cylinders, each ofradius r, whose centers are 
separated by a distance d. Current of density J flows into the 
plane of the page along the shaded part of one conductor and 
an equal current flows out of the plane of the page along the 

shaded portion of the other, as shown in figure-4.218. What 
are the magnitude and direction of the magnetic induction at 

point A? 

i 
r 

1 

Vaccum 

Figure 4.218 

(A) (~:Jmil, in the+y-direction 

(B) ( µo J d
2 

, in the +y-direction 
2rr r 

(C) (
µoJ4d2J . h di . - -- , mt e-y- rectton 
2rr r 

(D, (µoJJ,2 . h d' . , 
2

" d, mt e-y- treclion 

Conductor 

Magnetic Effects of, Currents and Classical M?g~ 

4-17 The radius of a coil of wire with N turns is 0.22m, and 
3.5Acurrent flows clockwise in the coil as shown.Along straight 
wire carrying a current 54A toward the left is located 0.05 m 
from the edge of the coil. The magnetic field at the centre of the 

coil is zero tesla. The numberofturnsNin the coil are: 

(A) 4 
(C) 7 

G) 
Figure 4.219 

(B) 6 

(D) 8 

4-18 Two proton beams are moving with equal speed v in 

same direction. The ratio of electric force and magnetic force 
between them is : (Where c0 is speed oflight in vacuum) 

c~ v2 

(A) v2 (B) c2 
0 

(C) Co 
V 

(D) 

4-19 A neutral atom of atomic mass number I 00 which is 
stationary at the origin in gravity free space emits an a-particle 
(A) in z-direction. The product ion is P. A nniform magnetic 

field exists in the x-direction. Disregard the electromagnetic 
interaction between A and P. If the angle ofrotation of A after 

· nrr 
which A andPwill meet for the firsttime is 

25 
radians, what is 

tlie value of n ? 
(A) 12 
(C) 36 

(B) 24 
(D) 48 

4-20 If the ratio of time periods of circular motion of two 
charged particles in magnetic field is 1/2, then the ratio oftheir 
kinetic energies must be: 

(A) 1: --J2 
(C) 2: I 

(B) --J2: 1 
(D) It can have any value 

4-21 Figure-4.220 shows a charged particle of mass 2g and 
charge-5 µC enters a circular region ofradius 10cm, in which 
there is a uniform magnetic field of strength 4T and directed 

perpendicular to the plane ofcircular region in the figure. If the 
·particle velocity vector rotates through 90° angle in passing 
through this region, then its speed is : 

(A) 025mm!s 
(C) I emfs 

----------.. 
C 

Figure 4,220 

B 
© 

(B) 4mm/s 
(D) lmm/s 
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4-22 The magnetic field shown in the figure-4.221 consists of 

two uniform regions. The width of the first part is 5cm and the 
magnetic induction here is 0.001 T. The_ width of the other part 
is also 5cm, with the direction of the induction being opposite 

in direction and 0.002T in magnitude. What should be the 

minimum speed of the electron arriving from the direction 
indicated in the figure so that it can come out through the 

magnetic field II in region Ill ? Take mass of electron is 
9 X lQ-3! kg: 

(A) 

(C) 

90". _v~~. 

8 7 
-xl0 mis 
9 

-1ixt07 mis 
9 

II III 

No 
Magnetic 

field 

Figure 4.221 

(B) .±xt07 mis 
9 

(D) .±x!07 mis 
7 

4-23 In the fignre-4.222 the force on the wire ABC in the given 

uniform magnetic field of magnetic induction 2T is : 

X X X X 

C 

X X X X 

4m 

X X X X 

A l=2A B 

3m 
X X X X 

Figure 4.222 

(A) 4(3 + 211) N (B) 20N 

(C) 30N (D) 40N 

4-24 A uniform magnetic field exists in region which forms an 
equilateral triangle of side a. The magnetic field is perpendicular 
to the plane of the triangle. A charge q enters into this magnetic 
field perpendicularly with speed v along perpendicular bisector 
of one side and comes out along perpendicular bisector of 
other side. The magnetic induction in the triangle is : 

mv 
(A) qa 

mv 
(C) 2qa 

(B) 
2mv 

qa 

mv 
(D) 4qa 

4-25 A charge particle of charge q, mass mis projected with a 

velocity v = vi in a region of space where electric field strength 

E = Ek and magnetic induction B = B} are present. The 

acceleration of the particle is : 

y 

B 

q 
m +}------+v-•x 

E 

z 

Figure 4.223 

(A) qvB k 
m 

(B) ~ k 

(C) q(E :vB)k (D) 
q(E-vB)k 

m 

4-26 A ring of radius Sm is lying in the x-y plane is carrying 
current of IA in anti-clockwise sense. If a uniform magnetic 

field of magnetic induction B = 3/ +4) is switched on in space, 

then the co-ordinates of point about which the loop will have 

a tendency to lift up is : 

(A) (3,4) 
(3) (3, 0) 

y 

A 1·~-,--

Sm 

Figure 4,224 

(2) (4,3) 

(4) (0, 3) 

X 

4-27 An .electron is shot into one end of a solenoid. As it 

enters the uniform magnetic field within the solenoid, its speed 
is 800mls and its velocity vector makes an angle of30° with the 
central axis of the solenoid. The solenoid carries 4.0A current 
and has 8000 tum along its length. Find number ofrevolutions 
made by the electron within the solenoid by the time it emerges 
from the solenoid's opposite end. Charge to mass ratio elm for 

electron is ..fj x 1011 C/kg. Fill your answer in multiple ofl03 : 

(A) 1(,00 (B) 1200 
(C) 800 (D) (,00 
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4-28 Two identical wires each oflength Lare bent to form a 

circular loop and a square loop. If the same current i flows in 

the two wires, then the ratio of the magnetic inductions at the 

centre of the circular and square loops is : 

(A) n:2/ 2,/2 

(C) n:2/ 8,/2 

(B) n:2/ 4,/2 

(D) 1 

4-29 A magnet 10cm long and having a pole strength of2Am 

is deflected through 30° from the magnetic meridian. The 

horizontal component of earth's indnction is 0.32 x J0-4T. The 

value of deflecting couple is : 

(A) 16 x J0·7Nm (B) 32 x J0·7Nm 

(C) 48 x 10·7Nm (D) 64 x J0·7Nm 

4-30 In a gravity free space, a smooth insulating ring ofradius 

R, with a bead having charge q is placed horizontally in a 

uniform magnetic field of induction B0 and perpendicular to 

the plane of ring. Starting from t = 0, the magnetic field is 

varying with time as B(t) = B0 + at, where a is a positive 

constant. The contact force between the ring and bead as a 

function of time is: 

aq2 Rt 2Rt 
(A) --cw0 +a1) (B) ~(W +at) 

m 4m 0 

(C) 
aq2Rt 

(D) 
4 2Rt 
aq (2B

0
+at) 

m 

Magnetic Effects of-Curient_s and Classical Magh8tisml 

A 

T 
y 

I 
X t p 

y 

1 
B 

The value off will be: 
(A) 6A 
(C) !OA 

D 

T 
y 

2/ t • X 

Q 
y 

1 
C 

Figure 4.225 

(B) 8A 
(D) None of these 

4-33 A wire carrying a current of3A is bent in the form ofa 
parabola y2 = 4 - x as shown in figure-4.226, where x and y are 

in metre. The wire is placed in a uniform magnetic field lJ = 5k T. 
The force acting on the wire is : 

y(m) 

Oc---- --------,,-
x(m) 

Figure 4.226 --;i;;;-(B0 +at) 

(A) 60/N 

'C) 30/N 4-31 When a bar magnet is placed at 90° to a uniform magnetic , 

(B) -60/N 

(D) -30/N 

field, it is acted upon by a couple which is maximum. For the 

couple to be half of the value, the magnet should be inclined to 

the magnetic field at an angle of: 

(A) 45° (B) 300 

(C) 15° (D) 00 

4-32 LetBPandBQbethemagneticfieldproducedbythewire 

P and Q which are placed symmetrically in a rectangular loop 

ABCD as shown in figure-4.225. Current in wire Pis I directed 

inward and in Q is 2J directed outwards. Values ofline integral 

of magnetic induction for different segments of the loop ABCD 

are given as 

and 

A--> --> f Bp·d/ =-2µ0 
D 

B--> --> f Bp-d/ =-µ0 
A 

4-34 A horizontal metallic rod of mass 'm' and length'/' is 

supported by two vertical identical springs of spring constant 
'K' each and natural length /0• A current' i' is flowing in the rod 
in the direction shown if the rod is in equilibrium then the 
length of each spring in this state is : 

-+j m 

K K 

/ 

Figure 4.227 

(A) l i/B-mg (B) l +i/B-mg 
o+ 

K o 2K 

(C) l + mg-i/B 
o 2K (D) 

l mg-i/B 
o+ K 

4-35 A dip circle is adjusted to set that it moves freely in the 
magnetic meridian. In this position, the angle of dip is 40°. Now 
the dip circle is rotated so that the plane in which the needle 
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moves makes an angle of30° with the magnetic meridian. In 
this position, the needle will dip by the angle : 
(A) 40° (B) 30° 

(C) More than 40° (D) Less than 40° 

4-36 An infinite current carrying conductor is bent into three 
segments as shown in the figure-4.228. !fit carries current i, 
the magnetic field at the origin is found to be 

µ,; ((..Jx-l)}+k). The value ofx is: 
4,w 

y 

3 

0 
(a, 0, 0) ·----,~-c.+x 

(0, 0, a) ---------~-------

(A) 4 
(C) 2 

z 

Figure 4.228 

(B) 3 
(D) I 

4-37 A charge particle moving along positivex-direction with 

a velocity v enters a region where there is a uniform magnetic 

field B =-Bk, fromx=O lox= d. The particle gets deflected at 

an angle 0 from its initial path. the specific charge of the particle 

is: 

Bd 
(A) vcos0 

(C) 
Bsine 

vd 

(B) 

(D) 

vtane 

Bd 

vsin0 

Bd 

4-38 Figure-4.00 shows a wire configuration carrying a 
constant current i. If the magnetic induction at point 'P' in the 

current configuration shown in figure-4.229 can be written as 

Ktan(~}henKis: 

Figure 4.229 

... . --~--~-';V! 
10111 

(A) 
µ,I 

(B) 
µ,I 

41td 21td 

(C) 
µ,I 

(D) 
2µ 0! 

,cd ,cd 

4-39 The value ofhorizontal component of earth's magnetic 
field at a place is 0.35 x J0-4 T. If the angle of.dip is 60°, the 
value of vertical component of earth's magnetic fi_eld is about: 
(A) O.JOx !0-4T (B) 0.2x J0-4T 

(C) 0.40 x I Q-4 T (D) 0.6 x I 0-4 T 

4-40 A wire of mass IOOgis carrying a current of2A towards 
increasingx in the forrnofy=x2(-2m c,xc,+2m). This wire is 

placed in a magnetic field B = - 0.02 k T. The acceleration of 

the wire is: 

(A) -1.6} m/s2 

(C) 1.6] m/s2 

(B) -3.2} m/s2 

(D) Zero 

4-41 A long straight wire along thez-axis carries a currentlin 

the negativez direction. The magnetic vector field B at a point 
having coordinates (x,y) in thez= 0 plane is: 

(A) 
µ0/(yi -x}) 

(B) 
µ0I(xi + y}) 

21t(x2 + y2) 21t(X2 + y2) 

(C) 
µ0I(x}-yi) 

(D) 
µ01(xi -y}) 

21t(x2 + y2) 21t(x2 +/) 

4-42 A magnetic needle vibrates in the vertical plane 
perpendicular to the magnetic meridian. Its time period is 

2 seconds. if the same needle vibrates in the horizontal plane 
and the time period is again 2 seconds, what is the angle of dip 
at that place : 
(A) 300 (B) 45° 
(C) 600 (D) None of the above 

4-43 A charged particle of mass m and charge q is accelerated 
through a potential difference of Vvolts. It enters a region of 

uniform magnetic fieldB which is directed perpendicular to the 
direction of motion of the particle. The particle will move on a 
circular path of radius : 

(A)~ 
2Vm 

(B) 
qB2 

(D) ff(½) 
4-44 Two magnets of equal mass are joined at right angles to 
each other as shown in figure-4.230. Magnet I has a magnetic 
moment three times that of magnet 2. This arrangement is 

., 
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pivoted at center so that it is free to rotate in the horizontal 
plane. In equilibrium what angle will the magnet 1 subtend 
with the magnetic meridian : 

Figure 4.230 

(A) tan-I ( ½) (B) tan-I ( ½) 
(C) tan-1(A) (D)0O 

4-45 A circularloop ofradius 15.7cm carries a current ofl5A. 
:\nether loop of radius 1.57cm having 30 turns is placed at the 
center of the larger loop and a current of!A is passed through 
it. What torque acts on the small loop if the planes of two 
loops are at right angles and the induction due to large loop is 
considered uniform throughout the area of smaller loop ? 
(A) 0.57 x lo-"Nm (B) 1.13 x l06 N/m 
(C) 1.14 x lo-"Nm (D) 2.26 x 106N/m 

4-46 The magnetic moment of a short magnet is 8 Am2. What 
is the magnetic induction at a point 20 cm away on its equatorial 
line from its mid point: 
(A) 1 o--4 Web/m2 

(C) 3 x 104 Web/m2 
(B) 2 x 1 o--4 Web/m2 

(D) 4 x 10-4 Web/m2 

4-47 Aparticleofcharge-16 x 10-I•cmovingwith velocity 
10 ms-1 along the.T-axis enters region where a magnetic field of 
induction Bis along the y-axis and an electric field of magnitude 
104 Vim is along the negative z-axis If the charged particle 
continues moving along the x-axis, the magnitude of Bis : 
(A) 103 Wb/m2 (B) 105 Wb/m2 

(C) 1016 Wb/m2 (D) J0-3Wb/m2 

4-48 The moment of a short magnet is 4Am2. The magnetic 
induction at a point on the axial line at a point 40cm away from 
its mid point is: 
(A) 0.125 x lo--4Wb/m2 
(C) 0.175 X lQ-4 Wb/m2 

(B) 0.150 X lQ-4Wb/m2 

(D) 2.0 x 10-4Wb/m2 

4-49 An electron is projected with velocity v0 in a uniform 
electric field E perpendicular to the field. Again it is projected 
with velocity v

0
perpendicular to a uniform magnetic field B. If 

r I is initial radius of curvature just after entering in the electric 
field and r2 is initial radius.of curvature just after entering in 
magnetic field then the ratio r/r2 is equal to : 

Magnetic Effects of Currehts and Cl8Ssical MaQrletism I 

(A) 
2 Bv0 

E 

(C) Ev0 

B 

B 
(B) E 

(D) Bv0 

E 

4-50 Magneticfield strength due to a short bar magnet on its -
axial line at a distance x is B. What is its value at the same 
distance on the equatorial line ? 
(A) Bil (B) B 
(C) 'lB (D) 4B 

4-51 Figure-4.231 shows a coil of single turn which is wound 
on a sphere ofradius Rand mass m. The plane of the coil is 
parallel to a rough incline plane on which it is kept. The plane 
of coil lies in the equatorial plane of the sphere. Current in the 
coil is i. The value of B if the sphere is in equilibrium on inclined 

plane is: 

(A) 
mgcos0 

,ciR 

'C) mgtan0 
' ,ciR -

e 

Figure 4,231 

mg 
(B) ,ciR 

(D) mgsin0 
,ciR 

4-52 !fa magnet is suspended at an angle 30° to the magnetic 
meridian and in this plane the dip needle makes an angle of 60° 
with the horizontal. The true value of dip is : 

(A) tan-'(¾) (B) tan·1 
( ¾) 

(C) tan-I (3) (D) tan-I (2) 

4-53 Infinite number of straight wires each carrying current I 
are equally spaced as shown in the figure-4.232. Adjacent wires 
have current in opposite direction. Net magnetic induction at 
point Pis: 

,, .......... 

p~iicf ·:::~-1---+--,~ 
----- 2 

---- 3 

--- z}--x 
----- 4 

----- 5 ........... 

Figure 4,232 
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(A) µof .!_n 2 k 
41t .fia 

(C) µ0 / ln4 (-k) 
41t .fia (D) Zero 

4-54 The magnetic induction due to a current carrying circular 
loop ofradius 3m at a point on the axis at a distance of 4m from 
the centre is 54µT. What will be its value at the centre of the 
loop? 
(A) 250µT 
(C) !25µT 

(B) !50µT 
(D) 75µT 

4-55 An electron experiences no deflection if subjected to an 
electric field of3.2 x !05V/m and a magnetic induction of2.0 x 
l o-3T. Both the fields are applied perpendicular to the path of 
electron and also to each other. If the electric field is removed, 
then the electron will revolve in an orbit of radius: 
(A) 45m (B) 4.5m 
(C) 0.45m (D) 0.045m 

4-56 An electron is accelerated through a potential difference 
Venters into a uniform transverse magnetic field and 
experiences a force F. if the accelerating potential increased to 
2V, the electron in the same magnetic field will experience a 
force: 
(A) F 

(C) ,/2F 
(B) F/2 
(D) 2F 

4-57 A mass spectrometer is a device which select particle of 
equal mass. An ion with an electric charge q > 0 starts at rest 
from a source Sand is accelerated through a potential difference 
V. It passes through a hole into a region of constant magnetic 
field B perpendicular to the plane of the paper as shown in 
the figure-4.233. The particle is deflected by the magnetic field 
and emerges through the bottom hole at a distance d from the 
top hole. The mass of the particle is: 

l0 0 0 0 
~ 

L;,1"""' 
B 

0 0 

0 0] 0 0 
' ' 

. 0 t!J 0 0 
/ ----

r0 
0 0 0 

Figure 4.233 

(A) 
qBd 

(B) 
qB2d2 

V 4V 

(C) 
qB2d2 

(D) 
qBd 

sv 2V 

4-58 The magnetic induction normal to the plane of circular 
coil of n turns and radius rwhich carries a current i is measured 
on the axis at a small distance h from the centre of the coil. This 
is smaller than the mangetic induction at the centre by the 
fraction: 

(A) 
2 h2 

3 r 2 (B) 
3 r 2 

2 h2 

3 h2 2 h2 

(C) 
2 r 2 (D) 

3 r 2 

4-59 A straight wire of diameter 0.5mm carrying a current 2A 
is replaced by another wire of diameter I mm caiTying the saine 
current. The magnetic induction at a distance 2m away from 
the centre is : 
(A) Halfof the previous value 
(B) Twice of the previous value 
(C) Unchanged 
(D) Quarter of its previous value 

4-60 A block of mass m & charge q is released on a long 
smooth inclined plane with magnetic induction Bis constant, 
uniform, horizontal and parallel to the surface as shown in 
figure-4.234. Find the time from start when block loses contact 
with the surface 

(A) 

(C) 

mcos0 

qB 

mcot!l 

qB 

B 
0 

e 

m 

Figure 4.234 

(B) 
mcosec0 

qB 

(D) None 

4-61 A circular current carrying coil has a radius R. The 
distance from the centre of the coil on the·axis where the 
magnetic induction will be (1/S)th ofits value at the centre of 
the coil is: 

(A) R.J'i 

(C) RI .Ji 
(B) 2R.J'i 

(D) 2RI.J'i 

4-62 Two infinite length wires carries currents SA and 6A 
respectively and placed alongX and Y-axis. Magnetic field at a 
point P (0, 0, d) m will be: 

7µo 
(A) itd 

(C) 14µ0 
itd 

(B) IOµo 
itd 

(D) 5µo 
itd 
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4-63 At t = 0, a positively charged particle of mass m is 
projected from the origin with velocityu0 at an angle 37° from 

the x-axis as shown in the figure-4.235. A constant B0 = B0} is 

present in space. After a time interval t0 velocity of particle 

maybe: 

y 

37° 
X 

Figure 4.235 

Magnetic Effects of Curre¥-anc! Classical Ma~1sgiJ 

[-./39 - 3 - k] (A)Uo -i+-j--
2 5 -.J3 

[ -,/39 - 3 - I ·] (C)u0 -i+-j+-k 
10 5 4 

* * * * * 

Study Physics Galaxy with www.puucho.com

www.puucho.com



lM891l~iC"Effe'cf$c·brCUITents an~ c1aSS.ic81" Mag. netism 
' ----·- . 

Advance MCQs with One or More Options Correct 
4-1 Consider two rings of copper wire. One ring is scaled up 
version of the other, twice large in all regards (radius, cross 
sectional radius). If current around the rings are driven by equal 
voltage source then choose the CORRECT alternative(s). 

Assume that cross-sectional radius is very small as compared 
to radius of rings : 

(A) Resistance oflarger ring is half of the smaller ring 
(B) Current in the larger ring is two times that in the smaller 
ring 
(C) Magnetic field at their centres are same 
(D) Magnetic field at centre oflarger ring is twice as that at the 
centre of smaller ring 

4-2 Two circular coils ofradii 5cm and I 0cm carry currents of 
2A. The coils have 50 and 100 turns respectively and are placed 
in such a way that their planes as well as their centres coincide. 
Magnitude of magnetic field at the common centre ofcoils is: 
(A) Sit x J0-4 T ifcurrents in the coils are in same sense 
(B) 4it x I Q-4 T if currents in the coils are in opposite sense 
(C) Zero if currents in the coils are in opposite sense 
(D) Sit x 10-4 T ifcurrents in the coils are in opposite sense 

4-3 A tangent galvanometer is connected to an ideal battery. 
In which of the following options the deflection of magnetic 
needle of the tangent galvanometer will remain same: 
(A) If battery voltage is doubled and number of turns in coil 
are also doubled 

(B) If battery voltage is kept constant and nnmber of turns in 
coil are doubled 
(C) Ifnumber of turns and coil radius both are doubled 
(D) If number of turns are halved and coil radius is doubled 

4-4 The figure-4.236 contains an infinite slab having current 

per unit area of ] 1 = Jk between the infinite planes at x = -b 
andx= b. Slightly to the right ofx= b, an infinite thin sheet is 

kept.It carries a current perunit length k2 = 2bJ (-k) . Choose 
the correct option(s): 

-X 

x=-b Y: 

-Y 

x=b 
ii 
" 

" " 

Figure 4.236 

X 

(A) The field due to sheet at any point is µ,lb 

(B) The field due to sheet at any point is µ~Jb 

(C) The magnetic field due to slab at a point inside the slab 
must be independent of y co-ordinate and y component of field 
must be a fimction of x 
(D) Magnetic field at a point (x, y) inside slab, due to slab is 
µoJx 

4-5 An infinitely long straight wire is carrying a current /
1
• 

Adjacent to it there is another equilateral triangnlar wire having 
curent I,- Choose the wrong options : 

b 

Figure 4,237 

(A) Net force on loop is leftwards 
(B) Net force on loop is rightwards 
(C) Net force on loop is upwards 
(D) Net force on loop is downwards 

~ A charged particle having its charge to mass ratio as p 
goes in a conical pendulum oflength L making an angle 0 with 
vertical and angular velocity OJ. If a magnetic field B is directed 
vertically downwards (see figure-4.23S): 

"' 

Figure 4.238 

(A) B= ¼[OJ g ] 
p OJLcos0 

(B) Angular momentum of the particle about the point of 
suspension remains constant 
(C) If the direction of B were reversed maintaining same OJ and 
L, then 0 will remain unchanged 
(D) Rate ofchange of angular momentum of the particle about 
the point of suspension is not a constant vector. 
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4-7 Two long and parallel wires at P and Q carry currents 0. lA 
and 0.2A respectively in opposite directions as shown in 

figure-4.239. In which region(s) a neutral point may not exist, 

that is where the magnetic field is not zero? 

p Q 
X------(0---------------QS)-----------Y 

Figure 4.239 

(A) BetweenXandP 
(B) Between P and Q 

(C) Between Q and Y 
(D) fa all the regions there exists no neutral point 

4-8 Which of the following statements given below is/are 

correct 
(A) Only electric charges can produce magnetic fields 
(B) Magnetic poles does not exist in nature these are only 
assumed for mathematical calculations 
(C) A long straight current carrying wire behaves like a bar 
magnet 
(D) For an observer facing a magnetic pole, a north pole acts 

like a clockwise current and a south pole acts like an 
anticlockwise current 

4-9 The figure-4.240 shows ·a square wire mesh made of 
conducting wires. Here, each small square has side a. The 
structure is kept in uniform magnetic field B perpendicular to 
the plane of paper: 

A G D 

X X 

TE 
0 

F 

a X X 

1B H C 
l+----<>--+1 

Figure 4.240 

(A) The magnetic force on the structure is 2.,Jz iBa 
(B) The potential of point B = potential of point D 
(C) P.otential of point O = potential ofpointB 

(D) The magnetic force on the structure is .,Jz iBa 

Magnetic Effects of Currents· ariCf cloo"Sical Magn'etl!jfil 

(B) The patlr of particle may be x2 + y2 = 25 

(C) The path of particle may be y2 + z2 = 25 

(D) Time period of particle will be 3.14s 

4-11 Consider the following statements regarding a charged 

particle in a magnetic field. Which of the statements are true? 

(A) Starting with zero velocity, it accelerates in a direction 

perpendicular to the magnetic field 

(B) While deflection in magnetic field its energy gradually 

increases 

(C) Only the component of magnetic field perpendicular to 

the direction of motion of the charged particle is effective in 

deflecting it 

(D) Direction of deflecting force on the moving charged particle 

is perpendicular to its velocity 

4-12 A particle of specific charge 'a' is projected from origin at 

t=0withavelocity V=Vo(i +k) inamagneticfield B=-B0k. 
Then: (Mass of particle= 1 unit) 

(A) At t = ~ , velocity of the particle is -V0 (i -k) 
aBo 

(B) At t = -"- , speed of the particle is V0 4aB0 

(C) At t = 
2

" , magnitude of displacement of the particle is 
aBo 

2V 
morethan - 0

-
oJJo 

. 21t . . . 
(D) At t = - , distance travelled by the particle 1s less than 

aBo 

4-13 For experimental measurement of the magnetic moment 

of a bar magnet which of the fellowing devices can be used 

(A) Deflection magnetometer if horizontal component of earth's 

magnetic field is given 

(B) Vibrational magnetometer ifhorizontal component of earth's 

magnetic field is given 

(C) Both Deflection and vibrational magnetometer ifhorizontal 

component of earth's magnetic field is not given 

(D) Tangent galvanometer if horizontal component of earth's 

4-10 A charged particle ofunit mass· and unit charge at some magnetic field is not given 

instant has velocity v = (8/ + 6}) ms-1 in magnetic field 

jj = (2k) Tesla. (Neglect all other forces). Choose the 4-14 Two identical charged particles enter a uniform magnetic 

CORRECT option(s): field with same speed but at angles 30° and 60° with field. 

(A) Thepathofparticlemaybex2+y2-4x-21 =0 Let a, band c be the ratio of their time periods, radii and 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~tie ~Eft001s~_Of:CUff811tS-and_ Classical Magnetism 

pitches of the helical paths than : 

(A) abc = I (B) abc > I 

(C) abc < I (D)a=bc 

4-15 A current carrying conductor is in the form of a sine 

curve as shown in figure-4.241, which carries current!. If the 

equation of this curve is Y=2 sin( 7) and a uniform magnetic 

field B exists in space : 

y 

2m I 

01'--------'~----~--+ 
X 

Figure 4.241 

(A) Force on wire is BIL iffield is along Z-axis 
(B) Force on wire is 2BIL iffield is along Y-axis 

(C) Force on wire is zero iffield is along X-axis 

(D) Force on wire is BIL iffield is in theXY plane making an 

4-18 A square wire frame is hinged about one of it's sides AB. 
It carries a current ofO.SA. Which of the following magnetic 

fields can hold it in equilibrium in horizontal position shown. It 

has amassof500gm: 

y 

z 

(A) 
• 5 • 

3i+-k 
2 

(C) 
• 5 • 

2j--k 
2 

Figure 4,242 

5 ••• 
(B) 1i-3j+2k 

• 5 • 5 • 
(D) i+-j+-k 

2 2 

4-19 A compass needle is taken to a geomagnetic pole and 

kept in a horizontal plane. The needle: 

(A) May stay in north-south direciton 

(B) May stay in east-west direction 

(C) May stay at 11 ° east of north 

(D) May oscillate 

angle30° with X-axis 4-20 A particl~ of charge -q and mass m enters a uniform 
magnetic field B (perpendicular to paper inwards) at Pwith a 

4-16 A straight conductor carries a current. Assume that all velocityv0 at an angle a and leaves the field at Qwith velocityv 

free electrons in the conductor move with the same drift at angle ll as shown in figure-4.243, then: 

velocity v. A and B are two observers on a straight line XY 

parallel to the conductor. A is stationary. B moves along XY 

with a velocityv in the direction of the free electrons: 

(A) A and B observe the same magnetic field 

(B) A observes a magnetic field, B does not 

(C) A and B observe magnetic fields of the same magnitude 

but opposite directions 

(D) A and B do not observe any electric field 

4-17 A dip needle is taken at a point on geomagnetic equator 

line on earth surface. The dip needle is placed such that it can 

rotate in a vertical plane perpendicular to magnetic meridian at 

that point. At different points of the geomagnetic equator the 

dip needle in equilibrium can point in a direction which is : 

(A) Horizontal 

(B) Vertical 

(C) At some angle to vertical 

(D) At any direction except vertical 

1x X 

' vv· ! xa X 

P, 

(A) a= lJ 
(B) V = v0 

' ' 
V~X 

X 

Q1 
' ' ' IX 

(C) 
2mv0 sin a. 

PQ=-~­
Bq 

X 

X 

X 

Figure 4.243 

X 

X 

X 

X 

X 

(D) Particle remains in the field for time 

X 

~ 

B 

X 

X 

X 

X 

2m(n-a) 
t=----

Bq 
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4-21 A charged particle with velocity ii= xi+ J,J moves in a 

magnetic field B = yi + x}. Themagnitnde of magnetic force 

acting on the particle is F. Which one of the following 
statement(s) is/are correct? 
(A) No force will act on particle ifx= y 
(B) F oc (x' - j') ifx > y 
(C) The force will act along z-axis if x > y 
(D) The force will act alongy-axis ify> x 

4-22 A long thick conducting cylinder of radius 'R' carries 
a current uniformly distributed over its cross section : 
(A) The magnetic field strength is maximum on the surface 
(B) The magnetic field strength is zero on the surface 
(C) The strength of the magnetic field inside the cylinder will 
vary as inversely proportional to r, where r is the distance 
from the axis 
(D) The energy density of the magnetic field outside the 
conductor varies as inversely proportional to l/r2, where 'r' 

is the distance from the axis. 

4-23 Two parallel conductors carrying current in the same 
direction attract each other, while two parallel beams of electrons 
moving in the same direction repel each other. Which of the 
following statements provide part or all the reason for this ? 
(A) The conductors are electrically neutral 
(B) The conductors produce magnetic fields on each other 
(C) The electron beams do not produce magnetic field on each 
other 
(D) The magnetic forces caused by the electron beams on 
each other are weaker than the electrostatic force between 
them 

4-24 A bar magnet is moved along the axis of a copper ring, as 
seen from the side of magnet, an anticlockwise current is found 
to be induced in the ring. Which of the following maybe true? 

Figure 4.244 

(A) Tiie south pole faces the ring and the magnet moves toward 
it 
(B) The north pole faces the ring and the magnet moves toward 
it 

Magnetic Effects of curi-ents-and ··ciasSicai JV1agn;ti~ 

(C) The south pole faces the ring and the magnet moves away 

from it 
(D) The north pole faces the ring and the magnet moves away 

from it 

4-25 An observer A and a charge Qare fixed in a stationary 
frame F 1• An observer B is fixed in a frame F2, which is moving 
with respect to F 1 : 

---+B 

A 

F, F, 

Figure 4.245 

(A) Both A and B will observe electric fields 
(B) Both A and B will observe magnetic fields. 
(C) Neither A nor B will observe magnetic fields. 
(D) B will observe a magnetic field, but A will not 

4-26 There are two wires ab and cd in a vertical plane as shown 
in figure-4.246. Direction of current in wire ab is rightwards. 
Choose the correct options : 

i, 
c----'-----d I 

.--------1~--,b f 
i, 

Figure 4.246 

(A) If wire ab is fixed then wire cd can be kept in equilibrium 
by the current in cdin leftward direction 
(B) Equilibrium of wire cd will be stable equilibrium 
(C) If wire cd is fixed, then wire ab can be kept in equilibrium 
by flowing current in cd in rightward direction 
(D) Equilibrium of wire ab will be stable equilibrium 

4-27 An infinitely long, straight wire carrying current / 1 passes 
through the center of circular loop of wire carrying current /2• 

The infinite wire is perpendicular to the plane ofthe loop. Which 
of the following statements is/are INCORRECT regarding the 
magnetic force on the loop due to the infinite wire: 
(A) Force on the loop due to infinite wire is upward, along the 
axis of the loop 
(B) Force on the loop due to infinite wire is downward, along 
the axis of the loop 
(C) Although net force on the loop due to infinite wire is zero, 
but due to magnetic interaction between infinite wire and loop, 
a tensile stress is developed in the loop 
(D) There is no magnetic force on the loop due to infinite wire. 
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4-28 Which of the following statement is correct ? 
(A) A charge particle enters a region of uniform magnetic field 
at an angle 85° to magnetic lines of force. The path of the 
particle is a circle 

(B) An electron and a proton are moving with the same kinetic 
energy along the same direction. When they pass through 
uniform magnetic field perpendicular to their direction of 
motion, they describe circular path 
(C) There is no chang<; in the energy of a charged particle 
moving in a magnetic field although magnetic force acts on 
it 
(D) Two electrons enter with the same speed but in opposite 
direction in a uniform transverse magnetic field. Then the two 
describe circle of the same radius and these move in the same 
direction 

4-29 A rectangular loop of dimensions ( a x b) carries a current 

i. A uniform magnetic field B = B01 exists in space. Then : 

. -······ .·-----
.. -· .•. · .. , . ·• ,;\l.l---· :.c·•:_:u.10;,.;,9:.,J 

y 

b 

B 
X 

a 

z 

Figure 4.247 

(A) Torque on the loop is iabB0 sin 0 
(B) Torque on the loop is in negative y-direction 
(C) If allowed to move the \oop turn so as to increase 0 
(D) In allowed to move the loop turn so as to decrease 0 

* * * * * 
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Unsolved Numerical Problems for Preparation ofNSEP, INPhO & IPhO 
For detailed preparation of INP/10 and IPl,O students can refer advance study material on www.pbysicsgalaxy.com 

4-1 An ex-particle is accelerated by a potential difference of 
IO"V. Find the change in its direction of motion, ifit enters 
normally in a region of thickness 0. lm having transverse 
magnetic induction of0. l Tesla. (Given : mass of ex-particle 
6.4x 10--7kg) 

Ans. [8 = 30°] 

4-2 A long horizontal wire AB which is free to move in a vertical 
plane and carries a steady current of 20A, is in equilibrium at a 
height ofO.0lm over another parallel long wire CD, which is 
fixed in a horizontal plane and carries a steady current of30A, 
as shown in figure-4.248. Show that when AB is slightly 
depressed, it executes simple harmonic motion. Find the period 
of oscillations. 

Ans. [0.2s] 

A _:.,i, .. =::.20::A.:.__~--B 

' ' d 
' ' 

C il=30A D 
Figure 4.248 

4-3 A beam of charged particles, having kinetic energy 103eV, 
contains masses 8 x I0--27 kgand 1.6 x I0--26 kgemergefrom the 
end of an accelerator tube. There is a plate at a distance I 0-2 m 
from the end of the tube and placed perpendicular to the beam. 
Calculate the magnitude of the smallest magnetic field which 
can prevent the beam from striking the plate. 

Ans. [ ,/2 TJ 

4-4 A long straight cylindrical hollow pipe has inner and outer 
radii I cm and 2cm respectively. It carries a current IO0A. 
Calculate the magnetic field at distance (a) 0.5 cm, (b) 1.5cm 
and (c) 4 cm from the axis of pipe. 

Ans. [(a) 0 (b) 5.56 x JO--IT (c) 5 x JO--ITJ 

4-5 A current i, indicated by the crosses in figure-4.249 is 
established in a strip of copper of height I, and width w. A 
uniform field of magnetic induction Bis applied at right angles 
to the strip, 

~ ~,c_ _____ ..,9 

h 
' 

-+I w I+-

Figure 4.249 

(a) Calculate the drift velocity v d for the electrons. 

(b) What are the magnitude and direction of the magnetic 

force F acting on the electrons. 

(c) What would be the magnitude and direction of a 

homogeneous electric field E have to be in order to 

counterbalance the effect of magnetic field? 

(d) What is the voltage Vnecessarybetween two sides of the 

conductor in order to create this field E? Between which sides 

of the condnctor would this voltage have to be applied? 

( e) Ifno electric fieldis applied from the outside, the electrons 

will be pushed somewhat to one side and therefore will give 

rise to a uniform electric field EH across the conductor until the 

forces of this electrostatic field EH balance the magnetic force 

encountered in part-(b). What will be the magnitude and 

direction offield EH? Assume that n, the number ofconduction 

electrons per unit volume is I. I x 1029/ metre3 and that 

h = 0.02 metre, w=0.I cm,i=50arnp,andB=2 weber/metre2. 

Ans. [(a) 1.4 x 10-4mJs; (b) 4.5 x 10-23N (in downward direction); 
(c) 2.8 x 1Q-4Vfm; (d) 5.8 x lO~V, Top voltage should be positive and 

bottom negative.; (e) 2.8 x I0-4V/m] 

~ A 2ke V positron is projected into uniform field ofinduction 

B ofO.I0T with its velocity vector making an angle of89°with 

B. Convince your-self that the path will be a helix, its axis being 

the direction ofB. Find the period, the pitchp, and the radiusr 
of the helix, see figure-4.250. 

Figure 4.250 

Ans. [(I) 3.6 x 10-10,. (2), 0.17 x 10-3m, (3) 1.5 x 10-'m] 

4-7 The distance between two plates of a cathode ray 
oscillograph is 1cm and potential difference between them is 
1200 volt. If an electron of energy 2000 e Venters at right angles 
to the field what will be its deflection if the plates be 1.5 cm 
long·? 

Ans. "[0.34cm] 
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4-8 A solenoid oflength 0.4m and diameter 0.6m consists ofa 

single layer of 1000 turns of fine wire carrying a current of 
5.0 x 10-3 ampere. Calculate the magnetic field intensity on the 

axis at the middle and at the ends of the solenoid. 

Ans. [2.775n x 10-6T, 2tt x l0--6T1 

4-9 A charge of I coul. is placed at one end of a 

non-conducting rod of length 0.6m. the rod is rotated in a 
vertical plane about a horizontal axis passing through the other 

end of the rod with angular frequency 104 it radian/sec. Find 

the magnetic field at a point on the axis ofrotation at a distance 
of0.8 from the centre of the path. Now half of the charge is 
removed from one end and placed on the other end. The rod is 
rotated in a vertical plane about horizontal axis passing through 
the mid-point of the rod with the same angnlar frequency. 
Calculate the magnetic field at a point on the axis at a distance 

of0.4m form the centre of the rod. 

Ans. [1.13 x ro-3T; 2.26 x ro-3TJ 

4-10 A long horizontal wire P carries a current of 50A. It is 
rigidly fixed. Another find wire Q is placed directly above and 
parallel to P. The weight of the wire Q is 0.075 Nim and it carries 

a current of25A. Find the position of the wire Q from the wire 
P so that Q remains suspended due to the magnetic repulsion. 
Also indicate the direction of current in Q with respect to P. 

FI 25A 
Q--+------.C:..:•"--+ 

' ' 
W=mg ~ 

' ' ' ' P---------+---~ 
SOA 

Figure 4.251 

Ans. [3.33 mm] 

4-11 A pair of parallel horizontal conducting rails ofnegligible 

resistance shorted at one end is fixed on a table. the distance 

between the rails is L. A conducting massless rod ofresistance 
R can slide on the rails frictionlessly. the rod is tied to a massless 
string which passes over a pulley fixed to the edge of the table. 
Amass m, tied to the other end of the string, hangs vertically. 
A constant magnetic field B exists perpendicular to the table. If 

the system is released from rest, calculate. 

L R 

Figure 4.252 

.... .. : __ -_, ,· .. ,, ·1H" .···- . _ _,,:--. " -- 1rJ 

(a) The terminal velocity achieved by the rod, and 

(b) The acceleration of the mass at the instant when the 

velocity ofrod is half the terminal velocity. 

.mgR g 
Ans. [(a) vT- B'L' , (b) 2 J 

4-12 Three infinitely long thin wires, each carrying current i 
in the same direction are in the X-Y plane of a gravity free 

space. The central wire is along the Y-axis while the other two 

are along x = ± d. 
(a) Find the locus of the points for which magnetic field Bis 

zero. 
(b) If the central wire is displaced along the Z-direction bya 

small amount and released, show that it will execute simple 
harmonic motion. If the linear density of the wire is A, find the 

frequency of oscillation. 

Ans. [(a) x - O· (b) - .!:L J I ( ., J 
' 21t rcd2A. 

4-13 The region betweenx= 0 andx=Lis filled with uniform, 
steady magnetic field BJc. A particle of mass m positive charge 
q and velocityv0i travels along X-axis and enters the region of 
magnetic field. Neglect the gravity throughout the question. 

(a) Find the value If L if the particle emerges from the region 

of magnetic field with its final velocity at spent by it is the 

magnetic field. 

(b) Ifthe magnetic field now extends upto 2. lL, find the time 

spent by the particle inside the field now. 

mv0 rtm 
Ans. [(a) - ; (b) -] 

2qB 2qB 

4-14 Two straight parallel conductors are spaced 50cm apart 
and carry oppositely directed currents, the first 20A, the 

second 24A. A point Pis separated from the first conductor by 

a distance of 40cm and from the second by 30cm. Calculate the 

magnetic field of induction at P. 

Ans. [188.68 x 10-7T and a.= 32°] 

4-15 The electron circulates round the nucleus in a path of 
radius 5.1 x 10-u mat a frequencyof6.8 x 1015 revolutions/sec. 
Calculate B at the centre and magnetic dipole moment. 

Ans. [14T, 9 x 10-24Am2] 

4-16 A coil carrying a current!= I OmA is placed in a uniform 

magnetic field so that its axis coincides with the field direction. 
The single-layer winding of the coil is made of copper wire 
with diameter d = 0.1 mm, radius of turns is equal to R = 30mm. 
At what value of the induction of the external magnetic field 
can be coil winding be ruptured? 

Ans. [8kTJ 
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4-17 A current i= 5.0 amp. flows along a thin wire shaped as 
shown in figure-4.253. The radius ofa curved part of the wire is 
equal toR = 120 mm, the angle 2$= 90°. Find the magnetic 
induction of the field at the point 0. 

A B 

Figure 4.253 

Ans. [28µT] 

4-18 In an electromagnetic pump designed for transferring 
molten metals in a pipe section with metal is located in a uniform 
magnetic induction B. A current I is made to flow across this 
pipe section in the direction perpendicular both to the vector 
B and to the axis of the pipe. Find the Gauge pressure produced 
bythepump ifB= 0.IOT,I= 100Aanda=2.0cm. 

~ 

B 

1 

Figure 4.254 

Ans. [0.5kPa] 

4-19 A current! flows in a long thin walled cylinder ofradins R. 
What pressure do the wall of the cylinder experience? 

µ0/2 
Ans. [-

2
-

2 
J 

Bo R 

dr 

Figure 4,255 

Magnetic Effects of Currents-and Classical Mag~etismj 

4-20 At the moment I= 0 an electron leaves one plate of a 
parallel plate capacitor with a negligible velocity. An 
accelerating voltage, varying as V= at, where a= l00V/s, is 
applied between the plates. The separation between the plates 

isl= 5.0cm. What is the velocity of the electron at the moment 
it reaches the opposite plate? 

+ ' l i: + ee 

I 
Figure 4.2S6 

Ans. [l6km/s] 

4-21 A proton beam passes without deviation through a region 
of space where there are uniform transverse mutually 
perpendicular electric and magnetic fields with E = 120kV/m 

and B = S0mT. Then the beam strikes a grounded target. Find 
the force which the beam acts on the target if the beam current 
is equal to 0.80mA. 

Ans. [2 x J0·5NJ 

4-22 A proton accelerated by a potential difference V gets 

into the uniform electric field of a parallel plate capacitor whose 
plates extend over a length l in the motion direction. The field 
strength varies with time as E = at, where a is a constant. 
Assuming the proton to be non-relativistic, find the angle 
between the motion directions of the proton before and after 
its flight through the capacitor; the proton gets in the field at 

the moment t = 0. The edge effects are to be neglected. 

4-23 A charged particle moves along a circle of radius 

r= 100 mmin aunifurmmagneticfieldwith inductionB= 10.0mT. 
Find its velocity and period ofrevolution ifthat particle is : 

(a) A non-relativistic proton 

(b) A relativistic electron 

Ans. [(a) 6.5µs; (b) 4.lns] 

4-24 A non-relativistic electron originates at a point A lying 
on the axis of a straight solenoid and moves with velocity vat 
an angle of a to the axis. Find the distance r from the axis to the 
point on the screen into which the electron strikes and is located 
at a distance I from the point A. 

2mv. [·( eBI )] Ans. [-smn sm J 
eB 2mvcosa 
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4-25 A non-relativistic charged particle flies through the 

electric field ofa cylindrical capacitor and gets into a uniform 
transverse magnetic field with induction B. In the capacitor, 
the particle moves along the arc of a circle, in the magnetic 

field, along a semi-circle ofradius r. The potential difference 
applied to the capacitor is equal to V, the radii ofelectrodes are 
equal to a and b, with a< b. Find the velocity of the particle and 
its specific charge q/m. 

V 
Ans.[--b, 

rBln­
a 

-4-26 Uniform electric and magnetic fields with strengths E 

and induction B respectively are directed along y-axis. A particle 
with specific charge q/m leaves the origin O in the direction of 

the x-axis with an initial non-relativistic velocity v0• Find: 

(a) The co-ordinate Y,, of the particle when it crosses the 

y-axis for the nth time; 

(b) The angle a between the·particle's velocity vector and 
y-axis at that moment. 

Ans. [(a) 21t2n2mE!qB2; (b) tan-1 ( Bvo ) ] 
21'En 

4-27 A narrow beam of identical ions with specific charge 

q/m, possessing different velocities, enters the region of space, 

where there are uniform parallel electric and magnetic fields 
with strengths E and B, at the point 0. The beam direction 

coincides with the x-axis at the point 0. A plane screen oriented 
at right angles to the x-axis is located at a distance I from 0. 
Find the equation of trace that the ion leaves on the screen. 
Demonostrate that atz << I, it is the equation ofa parabola. 

Ans. [z2 = __ q Y] 
(

B
2
1
2 

) 
2mE 

4-28 A beam of non-relativistic charged particles moves 
without deviation through the region of space A where there 

are transverse mntually perpendicular electric and magnetic 
fields with strength E and induction B. When the magnetic 
field is switched off, the trace of the beam on the screen S 
shifts by&. Knowing the distance a and b, find the specific 
charge q/m of the particles. 

2mEAx 
Ans. [ a(a + 2b)B' ] 

4-29 An electron is accelerated through a PD of l00V and 
then enters a region where it is moving perpendicular to a 
magnetic field B = 0.2T. Find the radius of the circular path, 
Repeat this problem for a proton. 

Ans. [0.0167cm, 0.7cm] 

.. - - ...... ----1-1 s] 
,_,.,,·----~--_.:.;= 

4-30 A proton, a deutron and an a-particle have equal kinetic 
energies. Compare the radii of their paths when a normal 
magnetic field is applied. 

Ans. [r, = ..fi., r, = ..fi. r .J 

4-31 Determine the magnetic field at pointP located a distance 

x from the comer of an infinitely Jong wire bean! at right angle 
as shown in figure-4.257. The wire carries a steady current i. 

--+---~~ ___ x,,_ ___ f 

Figure 4.257 

µi. 
Ans. [ - 0

- mto the page J 
4ru: 

4-32 Consider the current carryiRg loop shown in figure-4.25 8 
formed of radial lines and segments of circles whose centres 

are atpointP. Find the magnitude and direction of ii atpointP. 

'~" 
===-_j_-------~~'l:,.p 

a 

Figure 4.258 

Ans. [ µ01 
--- out of the page] '( t I) 

12 a b 

4-33 Four long, parallel conductors carry equal currents of 
5.0A. The direction of the currents is into the page at points A 
and Band out of the page at C and D. Calculate the magnitude 
and direction of the magnetic field at point P, located at the 
centre of the square. 

Al?)------------------<:)C 

•P 

' ' i 

' ' ' 

0.2m 

B®>-------GD 
0.2m 

Figure 4.2S9 

Ans. [20.0µT toward the bottom of the square] 
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4-34 Figure given in the question is a cross-sectional view of 
a coaxial cable. The centre conductor is surrounded by a rubber 
layer, which is snrrounded by an outer conductor, which is 
surrounded by another rubber layer. The current in the inner 

conductor is l .0A out of the page, and the cnrrent in the outer 
conductor is 3.0A into the page. Determine the magnitude and 
direction of the magnetic field at points a and b. 

b 

' ' I 
! • • ! • ' . JI! 

1mm lmmlmm 

Figure 4.260 

Ans. [200µT toward the top of the page, I33µT toward the bottom of 
the page] 

4-35 A galvanometer coil 5cm x 2cm with 200 turns is 
suspended vertically in a field of 5 x 1 o-2T. The suspension 

fiberneeds a torque of0.125 x 10-1N-m to twist itthrough one 

radian. Calculate the strength of the current required to be 
maintained in the coil if we require a deflection of 6°. 

Ans, [1.3 x 10-7 A] 

4-36 A charged particle carrying charge q = 1 µC moves in 

uniform magnetic field with velocity v 1 = 106 mis at angle 45° 

with x-axis in thex-yplane and experiences a forceF
1 
= 5,fj, mN 

along the negative z-axis. When the same particle moves with 
velocityv2 = 106 m/s alongthez-axis it experiences a forceF

2 
in 

y-direction. Find: 

(a) Magnitude and direction of the magnetic field, 

(b) The magnitude of the force F 2• 

Ans, [(a) (10-2 ;)T; (b) 10-2NJ 

4-37 A wire shaped to a regnlar hexagon of side 2cm carries a 
cnrrent of 2A. Find the magnetic field at the cenre of the 
hexagon. 

Ans. [ 1.38 x I o-<TJ 

4-38 Three infinitely long thin wires, ea~h carrying current i 
in the same direction, are in the X-Y plane of a gravity free 
space. The central wire is along the y-axis while the other two 
arealongx=±d: 

(a) Find the locus of the points for which the magnetic field B 

is zero 

Magnetic Effects ot' Cu!f~ls_-_a_nd_~l~~si~ Magnetism] 

(b) If the central wire is displaced along the z-direction by a 
small amount and released, show that it will execute simple 

harmonic motion. If the linear density of the wires is),,,, find the 
frequency of oscillation 

d d i ~' An,. [(a) x = - and x = -- (b) - - ] 
~ ~ 2ml itl. 

4-39 Uniform electric and magnetic fields with strength E and 
Bare directed along the y-axis. A particle with specific charge 
qlm !eves the origin in the direction of x-axis with an initial . 
velocity v0• Find : 

(a) They-coordinate of the particle when it crosses the y-axis 

for nth time. 

(b) The angle ct between the particle's velocity vector and the 
y-axis at that moment. 

2n
2
mE'/'(' ( Bv0 ) Ans. [(a) 

2 
(b) tan-• -- ] 

qB 2nnE 

4-40 A particle of charge q and mass mis projected from the 

origin with velocity v = vof in a nonuniform magnetic fie!d 

B = -B0xk. Here v0 and B0 are positive constants of proper 

dimensions. Find the maximum positive x-coordinate of the 
particle during its motion. 

Ans. [ ~2mvo ] 
B,q 

4-41 An electron moves through a uniform magnetic field given 

by B = B,I + (3Bx )} . At a particular instant, the electron has 

the velocity v = (2.01 +4.0}) mis and magnetic force acting 

on it is (6.4 x 10-19 N) k. FindB,. 

Ans. [B, = - 2.0T] 

4-42 A neutral particle is at rest in a uniform magnetic field jj. 
At time t = 0 it decays into two charged particles. each of 
massm: 

(a) If the charge of one of the particles is +q, what is the 
charge of the other ? 

(b) The two particles moves off in separate paths, both of 
them lie in the plane perpendicular to B. At a later time the 
particles collide. Express the time from decayuntil collision in 
terms ofm, Band q. 

nm 
Ans. [(a)- q (b) Bq ] 

4-43 Each of the points at the comers of the cube in figure 
represents a positive charge q moving with a velocity of 

magnitude v in the direction indicated. The region in the figure 
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is in a uniform magnetic field B , parallelto !hex-axis aod directed 
toward the right. Find the magnitude and direction of the force 
on each charge. 

z 

__ .. --, 
,...,.... I 

.,,....- I 
.,...... I .......... / 

_ ..... ------- / 
' dr----J-..,__., 

C 

' I 
a 

e 

' ' ' ' ' ' I 

Figure 4.261 

' ' I 
' 

X 

• • -qvB , ( qvB) - • Au,.[(a)-qvBk;(b)+qvBj;(c)Zero;(d) ..fi J;(e) - ..fi (j+k)] 

4-44 A proton of charge e and mass m enters a uniform magnetic 

field B = Bi with an initial velocity v = v,l +vy}· Find an 

expression in unit-vector notation for its velocity at time I. 

4-45 A thin, 50.0cm long metal bar with mass 750grests on, but 
is not attached to, two metallic supports in a 0.450T 
magnetic field, as shown in figure-4.262. A battery and a 
resistance R = 25.0Q in series are connected to the supports: 

V R 

~ 

B® 

Figure 4.262 

(a) What is the largest voltage the battery can have without 
breaking the circuit at the supports? 

(b) The battery voltage has this maximum value calculated. 
Decreasing the resistance to 2.0Q, find the initial acceleration of 

the bar. 

Ans. [(a) 817.SV (b) 112.8m/s2] 

4-46 In figure-4.263, the cube is 40.0cm on each edge. Four 
straight segments of wire ab, be, cd and da form a closed loop 

magnetic field of magnitude B = 0.020T is in the positive 
y-direction. Determine the magnitude and direction of the 
magnetic force on each segment. 

z 

y 

-----
------------ a 

------- -----{/ 

' ' 

,///// 

o!"--1' ---...,bl-... x 

------------------
c 

Figure 4.263 

Ans. [F.,= o, Foc =(-0.04N)i, Fo1 =(-0.04N)k,F .,= (0.041 +0.04k)Nl 

4-47 A length L of wire arries a current i. Show that if the 
wire is formed into a circular coil, then the maximum torque in 
a given magnetic field is developed when the coil has one 
tum only, and that maximum torque has the magnitude,= L2 

iB/41t. 

4-48 A coil with magnetic moment l.45A-m2 is oriented 
initially with its magnetic moment antiparallel to a uniform 
0.835T magnetic field. What is the chaoge in potential energy 
of the coil when it is rotated 180° so that its magnetic moment 

is parallel to the field? 

Ans. [- 2.42)] 

4-49 A current/= .../2.A flows in a circuit having the shape 
ofisosceles trapezium. The ratio of the bases of the trapezium 
is 2. Find the magnetic induction Bat symmeric point O in the 
plane of the trapexium. The length of the smaller base of the 
trapexium is 100mm aod the distance r = 50mm. 

Figure 4.264 

that carries a current/= 5.00A, in the direction shown. A uniform Ans. [2 x to·6T] 
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4-50 Find the magnetic field ii atthe pointP in figure-4.265. 

-··-----·-I---------.. -P 

I..___
1 ____.I 

Figure 4.265 

Ans. [ ~i (inwards)] 
4v2na 

4-51 A wire carrying current ihas the configuration as shown 
in figure-4.266. Two semi-infinite straight sections, both tangent 
to the same circle, are connected by a circular arc of ceµtral 

angle 9, along the circumference of the circle, with all sections 
lying in the same plane. What must 9 be for B to be zero at the 
cenre of the circle ? 

,,, .. -------....... 
,,, / , , 

·~ / 
/ R ""/ t ,)a 
' ' ' ' ' ' ' ' ', \ 

',.. \ ..... _______ .,. 

Figure 4.266 

Ans. (2rad] 

4-52 A closely wound coil has a radius of 6.00cm and carries 
a current of2.50A. How many turns must it have if, at a point 
on the coil axis 6.00 cm from the centre of the coil, the magnetic . ,. 
field is 6.39 x J0-4 T? i . 
Ans. [69] 

4-53 A closed cnrve encircles several conductors. The line 

integral f B ·di around this curve is 3.83 x 10-7T-m. 

(a) What is the net current in the conductors ? 

(b) If you were to integrate around the cnrve in the opposite 
direction, what would be the value of the line integral? 

Ans. [(a) 0.3A; (b) 0.0184m] 

4-54 A long cylindrical conductor of radius a has two 

cylindrical cavities of diameter a through its entire length as 
shown in cross-section in figure-4.267. A current I is directed 

Mag_netic Eff~!S a!~ Cu~l3_1ltS8fl~-Classical Magn~ 

out of the page and is uniform throughout the cross-section of 
the conductor. Find the magnitude and direction of the magnetic 
field in terms of flo, I, rand a : 

(a) At point P1 and 

(b) at point P
2 

-~-p, 

r 

_l__ -:~-' ~· <c--,----1---';p' 

Figure 4.267 

µ 1(2r2 -a'J µ01(2.-'+a'J Ans. [(a) _Q_ -, - 2 to !he left; (b) - -
2 

-
2 

towards the top 
1tr 4r--a · · nr 4r +a 

of the page] 

4-55 The two infinite plates shown in cross-section in 
figure-4.268 carry:>,. amperes of current out of the page per unit 
width of plate. Find the magnetic field at points P and Q. 

111- •· • • • • ·• • • e:.• ·• • -• • • • 

op ........... _ .. .-...... ·• . 
•Q 

Figure 4.268 

Ans. [B,- 0, BQ - µ,J.] 

4-56 A long horizontal wire AB, which is free to move in a 
vertical plane and carries a steady current of 20A, is in 
equilibrium at a height ofO.0 Im over another parallel long wire 
CD which is fixed in a horizontal plane and carries a' steady 

current of30A, as shown in figure-4.269. Show that when AB is 
slightly depressed, it executes simple harmonic motion. Find 
the period of oscillations. 

A----------B 

C:------------D 

Figure 4.269 

Ans. [0.2s] 

4-57 A magnet oflength 0.lm and pole strength I Q-4 web kept 
in a magnetic field ofintensity 30N/Wb at an angle 30°. Find 
the couple acting on it. 

Ans. [1.5 x 10-4Nm] 
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4-58 Find the force experienced by a pole of strength 1 OOAm 

at a distance of 20cm from a short bar magnet of length 5cm 
and pole strength of200Am on its axial line. 

Ans. [2 .5 x 1 o-2N] 

4-59 A manetic needle is suspended at a distance of Im from 
a short magnet on the eastern side on its axial line. The deflection 

produced is 30°. Calculate the horizontal component of earth's 

magnetic field if the magnetic moment of the magnet is 100 Am2• 

Ans. [3.46 x 1 o-5T] 

4-60 A coil in the shape ofan equilateral triangle of side 0.02m 
is suspended from a vertex such that it is hanging in a vertical 
plane between the pole pieces of a permanent magnet producing 

a horizontal magnetic field of 5 x 10-2 tesla. Find the couple 

acting on the coil when a current of 0.1 ampere is passed 

throngh it and the magnetic field is parallel to its plane. 

Ans. [8.66 x t0·7Nm] 

4-61 A vibration magnetometer consists of two identical bar 
magnets placed one over the other such that they are mutually 
perpendicular and bisect each other. The time period of 

oscillation in a horizontal magnetic field is 4s. If one of the 
magnets is taken away, find the period of oscillation of the 

other in the same field. 

Ans. [3.36s] 

4-62 A small magnet of magnetic moment 1t x 10-10 amp-m2 is 
placed on the Y-axis at a distance ofO. l m from the origin with 
its axis parallel to the X-axis. A coil having 169 turns and radins 
0.05m is placed on the X-axis at a distance of0.12m from the 
origin with the axis of the coil coinciding with X-axis. Find the 

magnitnde and direction of the cnrrent in the coil for a compass 

needle placed at the origin, to point in the north-south direction. 

Ans. [2.6 x 10-10A, clockwise direction when viewed from O] 

4-63 A circular coil ofradius 0.157m has 50 turns. It is placed 
such that its axis is in magnetic meridian. A dip needle is 
supported at the centre of the coil with its axis of rotation 

horizontal and in the plane of the coil. The angle of dip is 30° 
when a current flows through the coil. The angle of dip becomes 
60° on reversing the current. Find the current in the coil 
assuming that the magnetic field due to the coil is smaller than 
the horizontal component of earth's magnetic field, 

Bn=3 x 10-5T. 

Ans. [0.75A] 

4-64 A small magnet of magnetic moment Mis placed at broad­
side on position ofa magnet of magnetic moment M', length 2/' 
in such a way that the axis of former coincides with the 

perpendicnlar bisector of the latter. The separation between 

' - ~-~'"--~-.-~-_"" ""'""'l 
·-- .. 1~7.i 

their centres is d. Calculate the natnre of interaction (force or 

couple) among them. What is its limiting value when d becomes 

very large? 

µ0 M'xm µ0M'M µ 0M'M Ans [-x _,_,___ ] 
· 41t (d2+1'2)3'2, 4rc(d2+1'2)312, 41td3 

4-65 A small coil ofradius 0.002m is placed on the axis ofa 

magnet of magnetic moment 105 J/t and length 0.lm at a distance 
of0.15m from the centre of the magnet. The plane of the coil is 

perpendicular to the axis of the magnet. Find the force on the 
coil when the current of2.0 ar<1p. is passed through :• 

; 

Ans. [4.396 x 10·3NJ 

4-66 A magnet is suspended in the magnetic meridian with ,i 
untwisted wire. The upper end of the wire is rotated through 
180° to deflect the magnet by 3 0° from magnetic meridian. Now 

this magnet is replaced by another magnet. Now the upper end 

of the wire is rotated through 270° to deflect the magnet 30° 
from mag.netic meridian. Compare the magnetic moments of 

magnets. 

Ans.[M1 :M2 -5:8] 

4-67 A coil is made with a wire having radius 0.1mm and 

resistivity 2 x 10"" 0cm. The radius of the coil is 5cm and it 
consists of 50 tnrns. The coil is connected to a cell of emf 1 OV 

and negligible internal resistance: 

(a) Find the current flowing through it 

(b) What must be the potential difference across the coil so 
as to nullify the earth's horizontal magnetic induction of 
3.14 x 10-5 T as the centre of the coil. How should the coil be 

placed to achieve the above result ? 

Ans. [(a)- !A (b) 0.5V] 

4-68 A Rowland ring of mean radius 15cm has 4500 tnms of 

wire wound on a ferromagnetic core of relative permeability 
800. Find the magnitnde of the magnetic field in the core for a 

magnetising current of! .2A. 

Ans. [5.76T] 

4-69 A magnet is suspended at an angle 60° to an external 
magnetic field 5 x I o-4 T. What is the workdone by th ernagnetic 

field in bringing it in its direction. The magnetic moment is 

20Am2• 

Ans. [- 5 x 10-3 J] 

4-70 The time period ofa bar magnet oscillating in a uniform 
magnetic field is 3 seconds. if the magnet is cut into two equal 
parts along the equatorial line of the magnet and one part is 
made to vibrate in the same field, what is the time period? 

Ans. [T' - 2•N' I M'H] ] 
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4-71 A small coil ofradius 0.002 mis placed on the axis ofa 
magnet of magnetic moment 105 m from the centre of the magnet. 
The plane of the coil is perpendicular to the axis of the magnet. 
Find the force on the coil when the current of2.0 amp. is passed 
through it. 

Ans. [43.96 x I0·4NJ 

4-72 Find the interaction energy of two loops carrying currents 
/ 1 and /2 ifbothloops are shaped as circles of radii a and b, with 
a << b. The loop's centres are located at the same point and 
their planes form an angle 0 between them. 

4-73 An electron accelerated by a potential difference 
V= l.0kVmoves ina uniform magnetic field atan anglea=30° 
to the vector B whose modnlus is B = 29mT. Find the pitch of 
the helical trajectory of the electron. 

Ans. [2cm] 

4-7 4 A particle accelerated by a potential difference V flies 
through a uniform transverse magnetic field with induction B. 
The field occupies a region of space din thickness. Prove that 
the angle a through which the particle deviates from the initial 
direction of its motion is given by. 

where mis the mass of the particle. 

4-75 A beam of proton with a velocity4 x J0·5mfs enters a 
uoiform magnetic field of0.3T at an angle of 60° to the magnetic 
field. Find the radius of the helical path taken by the proton 
beam. Also find the pitch of the helix (which is the distance 
travelled by a proton in the beam parallel to the magnetic field 
during one period ofrevolution). 

Ans. [12mm, 43.7mm] 

4-76 A particle of mass m and charge q is moving in a region 
where uniform, constant electric and magnetic field E and B are 
present. E and B are parallel to each other. At time 
t= 0, the velocityv0 of the particle is perpendicular to E. Find 
the velocity v of the particle at time I. You must express your 

Magnetic Eff_~i,-of currents and Classical Magnetl'sgy 

answer in terms of I, q, m, the vectors v., E, B and their 
magnitudes v0, E and B 

[ qtE- " (qBt) v,(v,xii) . (qBt) J Ans. -:- +v0 cos - + _ sm -
m m jv0 xBI m 

4-77 A uoiform magnetic field with a slit system as shown in 
figure-4.270. is to be used as a momentum filter for high-energy 
charged particles. With a field B Tesla, it is found that the filter 
transmits a-particles each of energy 5.3MeV. The magnetic 

field is increased to 2.3B Tesla and deuterons are passed into 
the filter. Find the energy of each deuteron transmitted by the 
filter. 

0 0 0 0 0 
~ 

B 
0 0 0 0 0 

,, .. -------......... ,,.. .., 
0 sr5' 0 '\7 0 

I \ 
' ' ' ' 0 f 0 0 0\ 0 -t !-

Source Detector 

Figure 4.270 

Ans. (14MeVJ 

4-78 A deflection of24 divisions ofa ballistic galvanometer is 
obtained either by charging a capacitor of3µF capacitance to 
a potential difference of 2V and discharging through the 
galvanometer or by connecting the ballistic galvanometer in 
series with a flat circular coil of80 turns, each of diameter 1cm, 
the combined resistance of coil and galvanometer being 
4000 ohm and quickly thrusting the coil into a strong magnetic 
field so that the plane of the coil is perpendicular to the direction 
of the field. Calculate the sensitivity of the galvanometer and 
calculate the strength of the magnetic field. The strength of 
the earth's magnetic field may be neglected. 

Ans. [4 div per µC, 3.82T] 

4-79 Find the ratio of magnetic dipole moment and magnetic 
field at the centre of a disc. Radius of disc is R and it is rotating 
at constant angular speed ro about its axis. The disc is 
non-conducting and uoiformlycharged. 

nR' 
Ans.[-] 

2µ, 

* * * * • 

, 
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5 
Electromagnetic Induction and Alternating Current 

FEW WORDS FOR STUDENTS 

After the discovery of Faraday :S- law of Electromagnetic Induction only generation of electricity became 
easier and cheaper. In magnetism we studied that variation of electric field induces magnetic field and 
its converse is the phenomenon of electromagnetic induction. In this chapter we will study that according 
to the law of conservation of energy the work which is done in changing magnetic field associated with 
a conductor transforms into generation of electricity by induction and whenever work is done always 
there is some opposition due to which negative work is done and energy is extracted from some body. 
This negative work is also accounted in determining the direction of induced current and emf which is 
studied under Lenz's law. Overall this chapter is going to cover the most useful applications of 

electromagnetism in real life. 

CHAPTER CONTENTS 5.7 Mutual Induction 

5.8 LC Oscillations 
5.1 Faraday's Law of Electromagnetic Induction 

5.9 Magnetic Properties of Matter 
5.2 Time Hirying Magnetic Fields (TVMF) 

5.10 Alternating Current 
5.3 Self Induction 

5.11 AC Circuit Components 
5.4 Growth of Current in an Inductor 

5.12 Phasor Analysis 
5.5 Energy Stored in an Inductor 

5.13 Power in AC Circuits 
5.6 Decay of Current in RL Circuit 

5.14 Transformer 

COVER APPLICATION 

Figure-(a) Figurc-(b) 

Figure-(a) shows a moVing met.it strip in the magentic field of a magnetic pole and due to motion of free electrons in the strip these 
electrons experience a magnetic force and starts flowing in closed loops within strip as shown. Such currents are called eddy currents and .the 
magnetic field exerts an opposing magnetic force on these currents and the motion of metal body is opposed. Figure-(b) shows a rotating 
metal disc and a ma.gnetic field due to magnetic poles passes through the disc as shown and it develops eddy curi-ents and an opposing force 
on these currents which causes and opposite torque on the rotating disc. This phenomenon is used in design eddy current braking system for 
atuomobiles. -
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We've studied in previous chapter that magnetic field never 
does any work on charges as magnetic force acts in direction 
normal to their motion. We can modify this statement as net 
work done by magnetic force on moving charges is always zero 
but it is possible that there are work done involved by magnetic 
forces in a system but equal positive and negative work causes 
no net work done. In the phenomenon of electrom~gnetic 
induction magnetic force does negative work on mechanical 
agents who are displacing a body which contains charges and 
extract energy from mechanical work and does positive work on 
charges in inducing EMF in the conducting bodies which may 
cause induced current to flow if circuit is closed. Always total 
work by magnetic forces is zero in system but it acts as a 
mediator in transformation of mechanical energy to electrical 

energy. 

5.1 Faraday's Law of Electromagnetic l11ductio11 

Based on several experiments Michael Faraday observed that 
due to relative motion between a magnetic field and a conductor 
if magnetic lines are cut by the conductor or total magnetic flnx 
through a coil changes then an EMF is induced in the conductor 
or coil. This phenomenon is called Electromagnetic Induction. 

It is analyzed that the magnitude of induced EMF is equal to the 
rate at which the magnetic flnx associated with the conductor 
or coil changes or being cut. If in time dt the magnetic flnx cut or 
change by d~ then the magnitude of induced EMF in the 
conductor or coil is given as 

e=l~;I ... (5.1) 

As already discussed above that the EMF is induced with the 
energy extracted from mechanical energy causing the relative 
motion between magnetic field and conductor so the induced 
EMF always opposes the mechanical motion causing the change 
of magnetic flnx thus equation-(5.1) can be rewritten without 
modulus as 

d~ e=--
dt 

... (5.2) 

Above equation-(5.2) is commonly known as 'Faraday's Law 
of Electromagnetic Induction'. There are different situations 
in which electromagnetic induction can take place which are 
shown in figure-5. I, Figure-5.1 (a) shows a fixed circular coil 
connected with a galvanometer and a bar magnet is coming 
close to the coil along its axis as shown. Due to the motion of 
magnet the magnetic flnx through the coil changes and it induces 
an EMF in the coil. As wire of coil is forming a closed loop, an 
induced current also flows and galvanometer shows some 
deflection. Figure-5.l(b) shows a similar situation but in this 
case magnet is fixed and coil setup is moving. Again due to 
continuous change in magnetic flnx through the coil an EMF is 
induced in the coil causing an induced current to flow through 

- Electrom_agne!!.? )~~~~,~-9.~;~an,tAlternatlng -cUtreFO 
galvanometer. In both of these cases if the speed of motion 
between coil and magnet increases the rate of flnx change 
increases causing higher EMF to be induced more induced · 
current will flow. 

•-- -----

(a) 

•--- ----

G 

(b) 
Figure S.1 

+..!'.... 
Fixed magnet 

V -Fixed magnet 

s 

s . -IN: 

Figure-5.2 shows a system of two parallel rails connected to a 

galvanometer and this setup is placed in a region having a 
normal magnetic field. A sliding wire AB is placed on the rails 

which moves at some speed maintaining contacts with the rails. 
In this case the sliding wire is cutting the magnetic lines or the 
magnetic flnx on the left part of wire which is passing through 
the closed loop is changing due to which an EMF is induced in 
the sliding wire causing a current flow through the circuit. 

: X X X X 

' A ' ' ' 
X X X X 

G -· ' ' ' X X X X 

' 
B 

X X X X 

Figure 5.2 
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There can be many such practical situations in which the 
magnetic flux associated with a closed loop or a coil changes or 
flux is cut by a conductor then an EMF is induced. 

5.1.1 Lenz's Law 

We've already discussed in previous article that the direction 
of induced EMF in electromagnetic induction is such that it 
opposes the causes ofchange of magnetic flux so that negative 

. work done in processes causing change of flux will be used in 
generation of electrical EMF thats why in equation-(5.2) there 
is a negative sign which denotes that sign of induced EMF is 
opposite to the flux change. 

Lenz' s Law is a way to understand the application ofNewton 's 
third law and conservation of energy in circuits when 
electromagnetic induction takes place. According to Newton's 
third law equal and opposite forces cause both positive and 
negative work to be done simultaneously and by conservation 
of energy the amount of energy extracted from the processes 
causing flux variation is equal to the electrical energy generated 
in form of EMF. In upcoming articles we will mathematically 
verify this fact also. 

In different cases of electromagnetic induction Lenz' s law can 
be directly used to determine the direction of induced EMF or 
induced current in conductors or coils through which magnetic 
flux is changing. The Lenz' slaw can be stated as 

"The direction of induced EMF or induced current in a 
conductor or coil due to electromagnetic induction is such 
that the effects produced by the induced EMF or current 
opposes the cause of change in magnetic flux or the cause due 
to which electromagnetic induction is taking place." 

Figure-5.3 shows a circular coil placed in plane perpendicular to 
a magnetic field. If magnetic field starts increasing with time 
then magnetic flux through the coil area starts increasing. This 
induces an EMF in the coil and an induced current also. The 
direction of induced current is such that it opposes the cause 

ofinduction. 

X X X 

X X X 

I, 

X X X 

Figure 5.3 

-- ___ 121J 

In this case the cause ofinduction is increase in magnetic flux 
so direction ofinduced current is such that it produces its own 
magnetic field in outward direction to oppose the increase in 
external magnetic field thus the direction of induced current 
must be anticlockwise in this case as shown. 

Figure-5.4(a) and (b) shows a fixed coil toward which a bar 
magnet is moving along its axis with its north and south pole 
facing t.'ie coil. In these two cases we can see that current 
induced in coil by electromagnetic induction is such that it 
produces its own magnetic field in opposition to the fields of 
the bar magnet which was increasing due to motion of magnet 
toward the eoil. · 

(a) 

(b) 

Figure 5,4 

Figure-5.S(a) and (b) shows a situation similar to that shown in 
figure-5.4 but in this case bar magnet is moving away from the 
coil due to which the magnetic flux through the eoil is decreasing. 
The current induced in coil in this case should be such that the 
magnetic induction due to induced current in coil is in the same 
direction as that of magnet because with the motion of magnet 
away from the coil magnetic flux through the eoil decreases and 
the induced current should oppose the decrease of magnetic 
flux. 
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(a) 

(b) 
Figure S.5 

-N ,..- .. s 

Another direct method to find the induced current using Lenz' s 

law in above cases of a magnet moving in front of a coil is to 

consider coil as a magnet with opposite pole inducing on coil if 

magnet is moving away from it to attract it and same pole is · 

induced on coil if magnet is moving towardittorepel it. Figure-5.6 

shows the coil faces with currents in it behaving like a south or 

a north pole. Ifwe look at coil and a clockwise current is flowing 

in it then this face is behaving like a south pole and if 

anticlockwise current is flowing in it then this face is behaving 

like a north pole. Using this_ logic also the direction ofcurrent in 

coils shown in figure-5.4 and 5.5 can be determined quickly. 

Figure 5.6 

Electromagnetic Induction and AlteiTiatirtg Current ! 
Figure-5.7(a) shows a setup of two coaxial coils. One connected 

with a battery and a switch and other with a galvanometer. 

When the switch is closed as shown in figure-5.7(b) just after 

closing the switch a current flows in coil I due to which it 

generates a magnetic induction and a part ofits magnetic flux 

passes through coil 2 due to which a current is induced in coil 

2 which opposes the flux ofcoil I because initially no flux was 

there in coil 2 and it grows because of closing the switch. 

Coil-1 Coil-2 

•----L---- --i-.. -- -------

Fl '---__./ 

E S 

B increases 
Coil-I 

/=/(r/ 

Current increases 

(•) 

---+--

(b) 

Figure 5.7 

Coil-2 
~.,,' 

-- ___ ... B, 

I, •--- _....,_. __ _ 

When current in coil I becomes steady then flux through coil 2 

also becomes constant and its induced current drops to zero as 

shown in figure-5.8(a) because induction takes place when flux 

changes which happens again when we open the switch as 

shown in fignre-5.8(b). The direction of induced current in coil 

2 as shown in figure-5 .8(b) is self explanatory as it should oppose 

the change in flux in coil 2 which decreases on opening the 

switch. 
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Coil-I 

I= Constant .------' 

B decreases 

Coil-1 

l=f(t)i 

1-----.,. 
Current decreases 

Coil-2 

(a) 

,., Coil-2 

(b) 

..,. ____ _ 

--+---

.,.----­
--

Figure 5.8 

I, 
•--- --•---

--.............. .. 

We will consider one more illustration to understand application 
ofLenz's la":. Figure-5.9 shows a circular coil placed near to a 
long wire connected with a battery and a rheostat. Due to the 
current in long wire magnetic field is passing through the circular 
coil. If current in wire is steady, flux through the coil remain 
constant and thus no current is induced in coil. 

~-----tp 

R, 0 0 0 

0 0 0 

+ 0 0 0 

Q 

Figure 5.9 

If in above case resistance of rheostat is gradually decreased 
then current in wire increases which also increases the magnetic 
flux through the coil and due to this a clockwise current is 
indnced in coil as shown in figure-5. lO(a) to oppose the outward 
increasing magnetic flux. If resistance of rheostat is increased 

- , -- - "''.:"1i31 
,,' ----- -- ···-' ~-,,,"' 

gradually then current in wire decreases which also decreases 
the magnetic flux through coil and due to this an anticlockwise 
current is induced in coil as shown in figure-5.lO(b) to oppose 
the outward decreasing magnetic flux. 

p p 

B=j{t)' I= /(1)' 
B = /{1)' 

;,, 0 0 0 
'Ir 

0 0 0 

-- 0 -- 0 0 0 0 0 

I, 1, 
_d:. 0 0 0 __ ± 0 0 0 

~c: /=/(1)' 

Q Q 
Rn is decreased with time Rh is increased with time 

(a) (b) 

Figure 5.10 

5.1.2 Motion EMF in a Straight Conductor Moving in Uniform 
Magnetic Field 

Figure-5.11 shows a conductor PQ of length I moving in a 
uniform m_agnetic induction Bat constant speed v. Along with 
conductor its free electrons inside are also moving so these 
free electrons experience a magnetic force F = evB of which 
direction is given by right hand palm rule which comes in 
downward direction as shown in figure. 

X X X X 

P+ + ++ 
' .:e-,. 

X 

X l 
] X ' X X 

I 
:. 
' - -v .e 

~1 ~-
X 

' 
X X 

evB 

X X X jJ X 

Figure 5.11 

Due to this magnetic force electrons will drift to the end Q of the 
conductor and other end P ,vill become slightly positive due to 
deficiency of electrons. This establishes an induced electric 
field from Pto Q inside the conductor due to this separation of 
charges along the length of conductor because of magnetic 
force. Due to this induced electric field free electrons will 
experience an upward force eE1 as shown. These electrons will 
drift until the upward electric force balances the magnetic force 
on these electrons and then across the length of conductor 
electric field becomes steady and balances magnetic forces on 
free electrons. This electric field which is induced due to motion 
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ofa conductor in magnetic field is given as 

eE;=evB 

=> ... (5.3) 

Across the length of conduction during motion the potential 
difference due·to the induced electric field is given as 

=> 

v.-vQ=EJ 

VP- VQ=Bvl ... (5.4) 

As the above potential difference is developed due to magnetic 
forces which is non-electrostatic so this potential difference 
can be called as EMF and as it is developed due to motion of a 
conductor in magnetic field it is also termed as 'Motional EMF. 

5.1.3 MotionalEMFbyFaraijay'sLaw 

In previous article we discussed about EMF induced in a 
conductor moving in uniform magnetic field given by 
equation-(5.4). As due to motion of conductor magnetic lines 
were being cut according to Faraday's law the EMF induced in 
the conductor can be given as 

e=[~;[ ". (5.5) 

In figure-5.12 when the conductor moves by a distance vdt in 
time dt, it swaps an area lvdt which is shown by shaded part, 
the magnetic flux d<f, in this shaded region is cut by the conductor 
in time dt is given as 

=> 
X 

X 

X 

X 

d<f,=BdS 

d<f,=B(lvdt) 

X X 

l+--v a,-----..i 
X X 

Figure 5.12 

X 

X 

X 

X 

Thus from equation-(5.5) the induced EMF in the conductor is 
given as 

e= [~;I =Bvl ... (5.6) 

-------------~ 
Electromagnetic Induction. and Alternating Current j 

The expression ofinduced EMF in conductor in equation-(5.6) 
is same which we obtained by induced electric field in previous 
article as given by equation-(5.4) . 

In previous article the direction ofinduced EMF we determined 
by finding the force on free electrons using right hand palm rule 
by which we determined that end P of conductor is positive ( at 
high potential) and Q is negative (at low potential). The direction 
of induced EMF can also be directly determined by Flemings 
Right Hand Rule as given below. 

"According to Fleming's Right Hand Rule ifwe stretch the 
index finger, middle finger and thumb of right hand in mutually 

perpendicular directions as shown in figure-5.13 with index 
finger pointing toward the direction of magnetic induction 
and thumb along the velocity of conductor then middle finger 

will point toward the high potential end of the conductor." 

H;gh rtential 

Figure 5.13 

Above direction can also be given by Right Hand Palm Rule as 
shown in figure-5.14. 

f 
High Potential 

) ( I ):-----'-~1 Ul ~ 
I B ----,"----,-'.,;~---. 

l I 
,1 

Figure 5.14 

As till now we were using RHPR for. analysis of direction of 
magnetic field, now onward we preper to use the same rule so 
that all cases we'll be able to analyze by a single right hand only. 
However students can use either rule for any case. 

5.1.4 Motional EMF as anEquivalentBattery 

In different situations when a conductor moves in magnetic 
field, it can be considered like an equivalent battery or a source 
of potential difference with internal resistance equal to the 
resistance of the conductor which can supply current as shown 
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in figure-5.15 in which a conductor oflength I, resistance r 
moving at a velocity.v in a uniform magnetic fieldB with I, v and 
B are perpendicular to each other can be replaced by an 
equivalent battery of EMF Bvl and internal resistance r as shown 

in figure. 

X X X X X X X X 

A~ 

a_ 
X X , X X X X X 

/: -Jo-V =1l> ~f' 
e,48 = Bvl 

X X. X X X X X 

B 

X X X X X X X X 

Figure 5.15 

To understand the above situation better we consider an 
illustration shown in figure-5.16(a) in which two sliding wires 
PQ and RS are sliding on three conducting rails which are 

connected to some resistances at their ends as shown. In this 
case we can determine the currents through resistances and 
different sections of the setup by making an equivalent circuit 

ofthis setup as shown in figure-5.16(b). 

X X X X 

p 

X X X X 

, r1 f-----..,v1 
R 

,, 
R 

A 

Q 
X X A R, 

R 
' 

v,+-- r, I, 
X X X X 

.. 
s 

X X X X 

(a) 

...L 
R, 

Bv1/1 

r, 
R, 

R, r, 

~ ;:... Bv212 

(b) 
Figure 5.16 

5.1.5 EMF Induced in a Rotating Conductor in Uniform 
Magnetic Field 

Figure-5.17. shows a uniform conducting rod PQ of length I 
which is rotating in a plane perpendicular to the direction ofa 
uniform magnetic field as shown about an axis of rotation passing 
through point P at an angolar speed OJ. As the conductor's 

motion is cutting the magnetic lines an EMF is induced in it and 
by right hand palm rule we can see that point P is at higher 

potential. 

· · · •• ·· ·•-·r- ----1-2~5.l 
·-·· -- -··- ---~----=:.., 

X X 

X 

X 

X X X X 

Figure 5.17 

To calculate the induced EMF in the conductor we consider an 
elemental segment of width dx at a distancex from the endPof 
the rod as shown in figure-5.17. The speed of motion of this 
element is v = xro. The EMF induced in this element can be 

calculated by the expression of motional EMF given in 

equetion-(5.4) as 

de=Bvdx 

de = B(xro )dx 

Thus total EMF induced across the length of the conductor PQ 
is given by integrating above expression for the total length of 

the conductor from O to I as 
I 

ePQ = J de= j Broulx 
0 

e = Bro[x' ]' 
PQ 2 

0 

e = lsrol' 
PQ 2 

Alternative Analysis by Faraday's law: 

... (5.7) 

Figure-5.18 shows the area swapped bythe rotating conductor 
in time dt. The angle by which the rod rotates in this time is 

given as 

X 

X 

X 

X 

d0=rodt 

X // ____ _ -------~ 

I X 

' , 
' ' , , 
\ p 
' ' ' X ' \ 

',,, ______________ _ 

X 

X B 

X 

X 

Figure 5.18 
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Area of the sector of which the flux is cut by the conductor in 
time at is given as 

1 1 dS= 2!2d9= 2!2(rodt) 

Amount of flux cut by the conductor in time dt is given as 

~=BdS 

~=B(½t'rodt) 

Thus EMF induced in the conductor is given as 

e = ,d~, = !_ Bro!' dt 2 
... (5.8) 

Equation-(5.8) is same as that of equation-(5.7) but that was 
obtained by integrating motional EMF in small elements in the 
conductor whereas equation-(5.8) is obtained directly by 
Faraday's law. 

S.1.6 EMF induced in a Conductor in Magnetic Field which is 
Moving in Different Directions 

In previous articles we've discussed when a conductor moves 
in a magnetic field such that it cuts magnetic lines then an EMF 
is induced in it which we call motional EMF. When the 
conductor's length is oriented normal to the magnetic field 
direction and its velocity is also normal to the direction of its 
length as well as magnetic field as explained in figure-5.11 and 
5.12 the motional EMF induced in the conductor is given by 
equation-(5.4) or (5.6) but if the conductor is moving in such a 
way that its length and/or velocity are not normal to the direction 
of magnetic field then we need to take the components oflength 
as well as velocity normal to the magnetic field. 

Figure-5.19(a) shows the situation, we've already discussed in 
which the conductor is moving normal to the field with its length 
also perpendicular to the field thus EMF induced in this case is 
given as 

ePQ=Bv/ 

Figure-5.19(b) shows a situation in which conductor is moving 
with a velocity along its length but length is perpendicular to 
the direction of magnetic field. In this case due to motion along 
the length conductor does not cut any flux as the area swapped 
out by its length perpendicular to magnetic field is zero thus no 
EMF is induced in it so we have 

ePQ=O 

In this case if conductor is thick then an EMF is induced across 
its width. Figure-5.19(c) shows a situation in which the velocity 
of conductor and its length both are perpendicular to magnetic 
field but velocity is not perpendicular to its length so the area 

El-omagneti"C:TriC!uction and Alternating Curre§l 
. -·- ----

swapped out by the conductor in magnetic field will be less and 
to calculate the induced EMF in conductor we consider the 
component of the length normal to its velocity which is /sin9 
here. Thus the motional EMF induced in the conductor in this 
case is given as 

X 

X 

X 

X 

X 

X 

I" 
~ 

X 

X 

X 

X 

e,Q = Bv(/sin9) 

X X -; X 

I 
X 
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Q-

X X X 

(a) 

X X ~ X 
B 

X X / X 
~- ..,.__,,- ~-""I -4.-------· 

X Q X 

X 

(b) 

X 

X 

(c) 
Figure 5.19 

X 

X 

X 

X X 

X 

/sin 0 

X 

X X 

... (5.9) 

ln general students should keep in mind that in case when 
length of rod is not perpendicular to magnetic field then consider 
the component oflength perpendicular to magnetic field as well 
as velocity ofrod in expression of motional EMF in equation-(5.4) 
and if velocity of rod is not perpendicular to magnetic field 
consider the velocity component which is perpendicular to 
magnetic field in the same expression. 

S.1.7 Motional EMF in a Random Shaped Wire Moving in 
Magnetic Field 

Figure-5.20 shows a random shaped wireAB in which the length 
between its ends A and B is I is moving with a velocity v 

perpendicular to line AB in a uniform magnetic field as shown. 
In this case we can consider a small element di in the wire as 
shown in figure which will have its two components, one along 
the line AB and other perpendicular to the line AB. Due to motion 
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of wire EMF will only be induced in the component of di along 
line AB due to the reason discussed in previous article thus 
total motional EMF between ends AB of the wire can be directly 
given as 

X X X X 

_,..---.. A 

X X X 

X X X X 

B 

X X X X 

Figure 5.20 

Similar to the previous article figures-5 .21 ( a) and (b) shows the 
situations in which the random shaped wires are moving in 
different directions for which the EMF induced can be calculated 
by using the component of velocity perpendicular to the line 
AB which are given as Bvlsin0 for figure-5.21(a) and zero for 
figure-5.21(b). 

X X X X 

A 
' X X ' X X 

' ' ' ' ' I ,'.:)0 V 

/ ' 
' ' X X X X 

' ' ' / 

B 

X X X X 

(a) 

X X X 

X X X 

X X X X 

A ---- ------------- B 

X X X X 

(b) 
Figure 5.21 

5.1.8 EMF induced in a Rotating Coil in Uniform Magnetic 
F1eld 

Figure-5 .22 shows a rectangular coil of enclosed area A and N 
turns mounted on an axis 00' which is initially in a plane 
perpendicular to the direction of magnetic induction B. It starts 
rotating at an angular velocity ro as shown. The initial magnetic 

-------... __ --- ___________ --:a1;:;.;21c;;1 

flux linked with the coil at t= 0 is given as 

$=BAN 

After time t = t the coil will rotate by an angle 0 = rot so flux 
linked with all the turns of the coil is given as 

~ 

~ 

X 

X 

X 

X 

$= (B·A)N 

$=BANcos0 

$= BAN cosrot 

X 

Area=A 

X 

X 

:o 
<.l,ro 

c...i.,co 
lo• 

X 

X 

X 

X X 

Figure S.22 

... (5.10) 

~ X 
B 

X 

X 

X 

As the flux linked with the coil is changing with time, EMF 
induced in coil attime t =tis given as 

e= l~;I 
~ e = BAN sinrot . ro 

~ e = BANro sinrot ... (5.11) 

~ e = e0 sinrot ... (5.12) 

Where e
0 
= BANro which is considered as the amplitude ofthe 

sinusoidal induced EMF given by equation-(5.11). Such a 
sinusoidal function of EMF is also called 'Alternating EMF' 
which is a source of alternating current in electrical circuits and 
this EMF which is produced by rotating a coil in magnetic field 
is the basis of working for an AC (Alternating Current) Generator. 

The time function of alternating EMF induced in coil is shown 
in figure-5.23. 

e 

Figure 5.23 
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5.1.9 Motl on al EMF under External Force and PowerTransfer 

Figure,5.24 shows a setup with two long conducting rails with 
separation I in a plane perpendicular to a uniform magnetic field 
of magnetic induction B. A sliding wire PQ of mass m is placed 
on rails as shown. The rails are connected with a resistance R 
and the sliding wire is pulled with a constant external force F. If 
initially the sliding wire is at rest at I= 0 then at a general instant 
of time tit is considered to be moving at instantaneous velocity v 

then at this instant motional EMF induced in this wire is given as 

e=Bvl 

X X X X X 

X 

X 

X X X X X 

Figure 5.24 

The current through the resistance due to induced EMF is given 
as 

e Bvl 
i=-=-

R R ... (5.13) 

Due to the direction of induced EMF current flows from Qto P 

in the sliding wire because of which magnetic field exerts a 
magnetic force on the sliding wire which is given as 

B212v 
F =Bil=--

m R ... (5.14) 

By right hand palm rule we can analyze that the direction of this 
magnetic force on sliding wire PQ is toward left which is in 
opposition to the external force. This is also validating Lenz"s 
law that the effects produced by induction oppose the causes 
ofinduction. 

!fat a general instant oftime t acceleration of wire PQ is a then 
wehave · 

dv dt 
FR-B2

/
2v mR 

To find the velocity of wire PQ as a function of time we integrate 
the above expression from initial instant t = 0 to a general time 
instant t = t given as 

v dv ' dt 
J FR-B2/ 2v = J mR 
0 0 

=> __ I_ [In (FR-B2/2v)]' = _I_ [1] 1 

B'l' o mR o 

I I 
=> - B'l' [ln(FR-B212v)-ln(FR)]= mR [t-0] 

=> In (FR-B'l'v) =- B
2

/
2
t 

FR mR 

B2121 

=> FR - B2/2v = FRe---;;;, 

=> B212v=FR (1-e •:•) 

FR ( •'
1

'') => v= B'l' 1-e mR ... (5.17) 

With the above expression given in equation-(5.17) it can be 
seen that with time velocity of sliding wire approaches to a 
steady value and at t ~ oo velocity approaches to the steady 
velocity given by_equation-(5.17) as 

FR 
v= B2 / 2 ... (5.18) 

As external force is acting on thewirePQ, from equation-(5.15) 
we can state that due to acceleration, velocity of wire PQ 

increases and with increase in velocity from equation-(5.14)we 
can see that the opposing magnetic force on wire PQ increases 
due to which acceleration decreases and when the opposing 
magnetic force on it becomes equal to external force then 
acceleration of wire becomes zero and velocity becomes steady 
which is given byequation-(5.18). 

F-Fm=ma 

F-F. 
a=---

When after start velocity of wire PQ increases the instantaneous 
... (5.15) power supplied by the external force also increases which is 

given byequation-(5.17) as 

m 

B212v F--­
R 

m 

dv FR-B 2l2v 
dt =a= mR 

... (5.16) 

P=Fv 

P=F -(1-e----;;;,) 
( 

FR •'
1
'' ) 

B212 

F'R( ,,,.,,,) 
P= B'l' I-e---;;;, ... (5.19) 
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!Bectromagneifc lndtictior1 a~<{~lte~n,i_ting Current 1291 

From equation-(5.19) we cau analyze that the power supplied # Illustrative Example 5.1 ---------'=---------------by external force increases with time and after a long time this 

power becomes steady which is given as 

F'R 
Ps= B'l' ... (5.20) 

A copper rod oflength L is moving at a uniform speed v parallel 
to a long straight wire carrying a current of J as shown in 

figure-5.25. The rod is perpendicular to the wire with its ends at 

distance a and b from it. Calculate the motional EMF induced 

Initially when wire is accelerating, the supplied power by the in the rod. 

external force is being used in two parts. One part of supplied 

power is increasing the kinetic energy of the wire and other part 

is being dissipated as heat in the resistance R which is given as 

H=i2R 

In above expression, we substitute the value of current from 

equation-(5.13) as 

Substituting the value of velocity from equation-(5.17) in above 

expression gives 

B2t2 FR _!!....!....!.. [ " )' H=- -(1-e mR) 
R B'l' 

I V 

«AAwJaiiE&i i 
a 

M-----b ---->I 

~igure S.25 

Solution 

=> 
FR --2 [ a'I',)' H= -- 1-e mR 
B212 · · · (S.Zl) The magnetic field at a distancex from straight wire is given as 

After a long time above expression approaches to a steady 

value given as 

F'R 
Hs= B'l' ... (5.22) 

Above expression in equation-(5.22) is same as equation-(5.20) 

so we can state that after wire PQ attains steady velocity then 

power supplied by the external agent is fully dissipated as heat 

in the resistor connected across the rails upto the time wire PQ 

attains steady velocity the a part of power supplied increases 

the kinetic energy of wire and remaining is dissipated as heat. 

In different cases of electromagnetic induction in mechanical 

setups when external forces are present, due to induction some 

opposition is developed which causes the effect of external 

force to reduce and at some point of time the system attains a 

steady state when external force is balanced by the opposing 

effects. Under this state the power supplied by external force to 

the system is transformed into some other form. This happens 

due to magnetic field as magnetic forces does equal and opposite 

work to transform energy from one form to another. This 

phenomenon can be used in design of many electromechanical 

system for efficient transformation of energy from one form to 

another. 

µ,J 
B=-

2ru: 

We consider an element oflength dx in rod at a distancex from 

the straight wire as shown in figure-5.26. Due to the motion of 
the element dx in the rod in magnetic field B of straight wire, 
the motional induced EMF in the element is given as 

de=Bvdx 

I 

a 

V 

li·iii~-,ltiiit4Aif 
x-.tl+ 

dx 

M-----b----+t 

Figure 5.26 

The direction of de is shown in figure by right hand palm rule. 

As all such de in all the elements in the rod are in series so 
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induced EMF in whole rod PQ is given by integrating above 
expression within limits from a to b given as 

=> 

e= f de= s:nvdx 

e= Jbµ 0lvdx 
a 2itx 

e = µ,Iv [In x]' 
2it ' 

e= µ,lv[lnb-lna] 
2it 

e = µ,Iv In (1!_) 
21t a 

# Rlustrative Example 5.1 

A circular copper disc ofradins I 0cm rotates at l 800rpm about 
an axis through its centre and at perpendicular to the disc. A 
uniform field of magnetic induction 1 T exist in region 
perpendicular to the disc. What potential difference develops 
between the axis of the disc and its rim? 

Solution 

The disc can be considered to be made of several elemental 
sectors as shown in figure-5.27. Each such thin sectors can be 
considered like rotating rods across which the EMF induced is 
given as 

X 

X 

X 

I 2 e= -BroR 
2 

X 

X 

Figure 5.27 

BX 

X 

X 

All such sectors can be considered as EMFs connected in 
parallel across the center of the disc and its rim and we know 
when identical EMFs are connected in parallel the equivalent 
EMF remains the same so the net induced EMF across the 
center of the disc and its rim is given as 

I 1800 2 e= -xlx2x3.14x--x(O.l) 
2 60 

e=0.942V 

Electromagnellc Induction and AltemaUng Current I 
# Illustrative Example 5.3 

A copper rod PQ of mass m slides down two smooth copper 
bars which are set at an angle a to the horizontal as shown in 
figure-5.28. At the top of the bars these are interconnected 
through a resistance R. The separation between the bars is 
equal to I. The system is located in a uniform magnetic field of 
induction Bin verticallyupward direction as shown in figure. 
The resistances of the bars, the rod and the sliding contacts 
are considered to be negligible. If the rod is released from rest, 
find the velocity of rod as a function of time and its steady 
velocity attained. 

R 

Figure S.28 

Solution 

When the rod is released from rest and as it starts moving, it 
cuts the magnetic flux and an EMF is induced in it with polarity 
given by right hand palm rule as shown in figure-5.29. If at any 
instant conductor velocity is v and as it is moving perpendicular 
to the magnetic field component Bcosa, the induced EMF in 
the rod is given as 

e = (Bcosa)vL = BvLcosa 

BiLcosa 
", .. , ,," 

' , 
Bil+-~~-, 

(a) 

Figure 5.29 

' ' 
''14.mgsina 

mg a 

(b) 

Thus current induced due to induced EMF in the loop 
containing resistance as shown is given as 

_ BvLcosa ,= 
R 

Figure-5.29(b) shows the side view of the sliding rod on which 
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by right hand palm rule, we can see that magnetic force will act 
along leftward direction and ifrod slides with an acceleration a 
then equation of motion of the rod is given as 

mgsina-BiLcosa = ma 

(
dv) . B' L'vcos' a 

=> m dt =mgsma R 

( 
. B'L'vcos'a) => dv= gsma ----- dt 

mR 

" dv 
=> { mgR sin a - B' L'v cos' 

' di 
f mR 
0 

=> 2 2 

1 
2 [1n(mgRsina-B'L'vcos2 a)]" =-

1
-

B L cos a o mR 

=> 1n(mgRsina-~
2
L

2
vcos

2 a) 
mgRsma 

mgR sin a (l iri';,;;' a ) => v- -e 
- B2L2 cos2 a. 

Steady state is theoretically attained after a long time when 
velocity becomes 

mgRsina 
vs= B2L2cos2a. 

In steady state the component of gravitational force is balanced 
by magnetic force on rod which gives 

mgsina = BiL cosa 

=> 
B2 L2v cos2 a. 

mgsina= 
R 

=> 
mgRsina 

V = 
S B2 L2 cos2 Cl. 

# Illustrative Example 5.4 

- ------ --------1-3'1-'l 
·- . - ------------"'-'-'· 

by the rails as shown in figure. If the resistance of the bars and 

the sliding conductor are negligible calculate the acceleration 

of sliding conductor as a function of time ifit is released from 

rest at t= 0. 

Solution 

When the conductor is released from rest and if at time t = tits 
speed is v then induced EMF in the conductor is given as 

ePQ=Blv 

This potential difference is across the capacitor so 

instantaneous charge on capacitor is given as 

q=CV=CB/v 

Current through the capacitor is given as 

dq dv 
i= -=CB/- =CB/a 

dt dt 
In magnetic field the current carrying conductor experiences a 

magnetic force in upward direction by right hand palm rule as 

shown in figure-5.3l(b) which shows the side view of sliding 
conductor and its free body diagram. This gives 

F =Bil=B2f'-Ca mag 

Q 

\v 
·------ 8 --

(a) 

Figure 5.31 

(b) 

If a is the acceleration of conductor then its equation of motion 
is given as 

A straight horizontal conductor PQ of length /, and mass_ m 

slides down on two smooth conducting fixed parallel rails, set 

inclined at an angle 9 to the horizontal as shown in figure-5.30. => 

ma = mg sin 9 - B2f'-Ca 

a[m+ B2 PC] =mg sin 9 

C 

Figure 5.30 

The top end of the bar are connected with a capacitor of 

capacitance C. The system is placed in a uniform magnetic 

field, in the direction perpendicular to the inclined plane formed 

• 

=> a 
mgsin9 

m+B212C 
Here we can see that a is constant in time. 

# Illustrative Example 5.5 

In a region of space a horizontal magnetic induction exist along 
+ Z-direction which is into the plane of paper and magnitude of 
magnetic induction varies along Y-direction (vertically 

downward), is given as 
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Where B0 and a are positive constants. A square loop EFGH 
of side a, mass m and resistance R is placed inX-Yplane and 
start fulling nnder gravity from rest as shown in figure-5.32. 

Find 

(a) The induced current in the loop as a function of 
instantaneous speed of the loop and indicate its direction 

(b) The total Lorentz force acting on the loop as a function of 
instantaneous speed of the loop and indicate its direction 

( c) An expression for the speed of the loop, v(t) and its terminal 

velocity. 

_.O'+----------•X 

®B 

y 

Figure 5.32 

Sol11tion 

(a) If v be the instantaneous velocity of the loop at any time I. 
Induced EMF in segment HG of the loop is given as 

B0(y+a) 
eHG= va =B0(y+a)v 

a 
... (5.23) 

The point G will be at higher potential in above EMF. Similarly 
the EMF induced in segmentEFis given as 

B,y 
e = --va =B yv 

EF a 0 ... (524) 

Here Fis at higher potential and the EMF induced in remaining 
two segments are zero as these are not cutting any magnetic 
flux. 

eEH and eFG=O 

So, the current in the loop is given as 

i= B0(y+a)v-B0yv = B0av 

R R 

The current will be in anticlockwise direction due to higher 
EMF in segment HG. 

(b) The magnetic forces onEFandHGaregiven as 

Boy 
F =--x;xa 

EF a 

B0(y+a) 
Fna= x;xa 

a 

Different elements along the vertical segments will experience 

Electrolll_~gn~ti~fo~~9ii0n · and Alternating c:irr;ent~ 

different forces but in opposite direction as shown in 
figure-5.33 so will get cancelled out. 

~O'+-----------+X 

y 

Figure S.33 

Net Lorentz force on loop is given as 

F=B0(y+ a)i-B0yi= B0ai 

R2 2 

i' = ~ (-JJ 
R 

(c) Net force acting on loop in downward direction is 

R2a2v 
F=mg--0-

R 

dv R2a2v 
m- =mg--0-

dt R 

v dV I d/ 

~ J B2a2v=J-; 
Omg--0- 0 

R 

R [ ( Bta2v)]' I [ ]' ~ -- In mg-- =-I 
B2a2 R m o 

0 O 

2 2 
2 2 Boa t 

~ mgR-B0a v = e~ 
mgR 

After a long time terminal velocity of conductor is given as 

mgR 
V =-­

terminal B2 a2 
0 

# Il111strative Example 5. 6 

Two parallel vertical metallic rails AB and CD are separated by 
Im. They are connected at the two ends by resistances R1 and 
R2 as shown in figure-5.34. Ahorizontal metallic bar PQ of mass 

• 
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[Eiectmmagnetlc Induction and Alternating Current 

0.2kg slides without friction with maintaining contacts with 

the rails, vertically downward under the action of gravity. There 

is a nniform horizontal magnetic field of0.6T perpendicular to 

the plane of the rails in the region. It is observed when the 
terminal velocity is attained, the powers dissipated in R1 and 
R2 are 0. 75W and 1.2W respectively. Find the terminal velocity 

of the bar and the values of R1 and R2. 

X A X R, X X C X 

X X X X X 

X X X X X 

X X X X X 

p Q 
X X X X X 

X X X X X 

X X X X X 

X 
B 

X R, X X 
D 

X 

Figure 5.34 

Solution 

Due to sliding bar an EMF is induced in it which causes currents 
to flow in the resistances as shown in figure-5.35 the forces 
acting on the bar are the weight of rod in vertically downward 
direction and the magnetic force Bil in vertically upwards 
direction by right hand palm rule as shown. 

X A X R, X X C X 
.. 

X X X X X 

X iii B(i1+i2)1 f· X X X X 

X 
(i,+iJ 

X ----+ X X + X 

p Q 
X X X X X 

X i2t X X X L, X 
mg 

X X X X X 

.. 
X 

B 
X R, X X 

D 
X 

Figure 5.35 

and 

We have 

P 1 =ei1 

~ 0.76 = ei1 

and P2 = ei2 

~ 12 =ei2 

From equations-(5.27) and (5.28) we have 

!L = 0.76 
i2 1.2 

. 19. 
,,=30 12 

Solving equations-(5.25) and (5.29), we get 

i2 =2A 

19 
and i1 = 15 A 

From equation-(5.28) we have 

J2=eX2 

e =O.(;i\' 

At terminal speed EMF is given as 

e=Bv.J 

~ v7 =(e/Bl) 

0.6 
~ vr= 0.6xl = !mis 

Resistances are given as 

e 0.6xl5 
R, =ii= -19- =0.47Q 

... (5.25) 

--- (52.6) 

... (5.27) 

... (5.28) 

... (5.29) 

. .. (5.30) · 

When the two forces are equal then the bar acquires terminal and 
velocity v7 which happens when 

e 0.6 
R2=-:-- = -2 =0.3Q 

'2 
.. 
mg=Bil 

. mg 
z=B[ 

0.2x9.8 49 
i= 0.6xl = 15 A 

If i
1 

and i2 be the cnrrents in R1 and R2 respectively. Then 
above current is distributed in inverse ratio of resistances so 
we use 

# Illustrative Example 5. 7 

', 
Figure,5.36 shows a conductor OA of length I placed along 
y-axis with one end at origin. In this region a non-nniform 
magnetic field exist along +Z-direction of which magnitude 
depends only ~n its Y coordinate which is giv,n as 

B=B (1+Y
2

JT 
0 12 
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If the conductor OA starts translating with velocity ii= v;i, falling ring and its height above the center of the coil A. 

find the EMF induced in conductor. 

Y. 

-+ 
0B 

A 

-v, 

-o-+'---------x 

Figure S,36 

Solution 

We consider an element of width dy at a distance y from origin 
in the conductor as shown in figure-5.37. Motional EMF induced 
in element dy is given as 

de=Bv,fly=B0v0(1+ ~; Jdy 

-+ 
0B 

A 

dy' 

y 
---,-o=!-'----------+x 

Figure 5.37 

Total EMF induced in OA is given by integrating the above 
induced EMF in the element which is given as 

e0A = J de=! Bo Vo (1+ ;: Jdy 

#.Jllustrative Example 5. 8 

f\. coil A ofr'!_dius R and number of turns n carries a current i 
and it is placed in a horizontal plane. A small conducting ring P 
of radius r (r<< R) is placed at a height y

0 
above the centre of. 

-the coil A as shown in figure-5.38. Calculate the induced EMF 
-ill the ring when the ring in allowed to fall freely. Express the 

/ . 
induced EMF as a function of instantaneous speed of the 

Yo 

A 

Figure 5.38 

Solution 

The magnetic induction at a point on the axis of a current 
carrying coil at a distance y from its centre is given by 

... (5.31) 

Due to the coil A the magnetic flux linked with ring Pis given as 

~=BA 

=> 

=> 
µ0Ni1tR2,2 

~= 2(R2 + y2)"2 
... (5.32) 

If the ring P falls with instantaneous velocity vat any instant 
of time. The induced EMF induced in the ring Pis given as 

3 dy 
e= --µJ,iitR2r2(R2 +y2)-sl2x2y-

4 dt 

e= 3 µo,rniR2,2 
2 (R2 + y2)'12 y(-v) 

# Illustrative Example 5.9 

Figure-5.39 shows two vertical smooth rails AB and CD separated 
by a distance /. Ends A and C are connected with capacitor of 
capacitance C. ArodPQ of mass m is horizontally kept in touch 
with both rails as shown. Ifit is released at t= 0 and it remains 
in contact with rails during its fall, find the charge on capacitor 
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as a function of time. Neglect resistance of connecting wires 

and rails. 
.. c 
" 

X X X 

A C 

p Q 

X X X 
~ 

B 

X X X 

If rod has an acceleration a, it can be given as 

a= 

a= 

mg-Bil 

m 

mg 

m+B2J2C 

mg-B2
/

2Ca 

m 

As acceleration is constant, after time tits velocity is given as 

mgt 
v=at= -~~-

m+B2J2C 

Thus charge on capacitor after time tis given hyequation-(5.33) 

as 

_ CBI( mgt )- CB/mgt 
q- m+B2l2C - m+B2/2C 

B D # lllustrative Example 5.10 
X X X 

Figure 5.39 

Solutio11 

When the rod falls then at any instant when its speed is v, the 

motional emf across PQ is given as 

e=Blv 

As we can neglect the resistance of all connecting wires and 

rails the charge on capacitor is given as 

q=Ce=CB/v 

Current through the capacitor is given as 

dq 
i= -=CB/a 

dt 

... (5.33) 

The rod experiences an upward magnetic force and downward 

its weight as shown in figure-5.40 . 
.. c 

-q•1 +q 

X Bil X X 

A • C 
->-i p i t 

V 

X 
mg 

X X 

~ 

B 

X X X 

B D 

'X X X 

Figure 5.40 

Figure-5.41 shows a rectangular wire loop ABCD with length/ 

and breadth b. The wire is having a resistance Al per unit length. 
If the loop is pulled out from the magnetic field at a uniform 
speed v as shown in figure-5.00, find the potential difference 

across points of the loop V8 - Ve and VA- VD. 

X X X ~ X 
B 

A B 

X X X X 

b 
. 

V 

X X X X 

D C 

X X X X 

Figure S.41 

Solution 

Due to motion of loop motional EMF is only induced across 

segment AD which is given as 

eAD='JJvb 

The equivalent circuit of the loop with motional EMF is shown 

in figure-5.42 

AP--___ _,,,1-~1 ____ ~B 

Bvb 

D 1-1 C 

Figure 5.42 
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Induced current in above loop is given as 

Bvb 
i= 2'J...(b+/) 

Now we can calculate the required potential differences as 

Bvxb2 Bvb2 

VB- Ve= ix 'J...b= 2x(b+I) = 2(b+I) 

_ Bvb(b+2/) 
VA-VD=,x'J...(b+2/)= 2(b+/) 

# ll/ustrative Example 5.11 

A metal rod of mass m can rotate about a horizontal axis 0, 
sliding along a circular wire ring mounted in a vertical plane of 

radius a as shown in figure-5.43. The arrangement is located in 
a uniform horizontal magnetic field of induction B directed 
perpendicular to the plane ofring. The axis and the ring are 

connected to an EMF to form a circuit of resistance R. 
Neglecting the friction and ring resistance, find the time function 

according to which the source EMF must vary to make the rod 
rotate at a constant angular velocity ro. Given that at I= 0 rod 
was vertical. 

E 

0B 

Figure 5.43 

Solution 

If rod is rotating at constant angular speed then motional EMF 
induced in it is given as 

I 2 e= -Broa 
2 

If a current i flows in the circuit then force on the rod at the 
instant shown in figure-5.44 is given as 

F=Bla 

For a constant angular velocity, torque about O must be zero 
which happens when torque due to magnetic force balances 

the torque on rod due to its weight so we have 

mg ( a/2)sin rot = B/a(a/2) 

. E:Lectromagneticlnduction and Alternating Clll)"~nt l 

mg sin rot 
I= 

Ba 

E 

0B 

Figure 5.44 

This must be equal to the current due to total EMF in the 
circuit which is given as 

E-!._Broa2 

/= 2 
R 

mgsinrol 
= aB 

I 
E = - (2mgR sin rot+ B2roa3) 

2Ba 

# lllustrative Example 5.12 

Figure-5.45 shows a semicircular wire loop ofresistance Rand 

radius a hinged at point O and rotating at an angular speed"'· 
Point O is located on the boundary of a uniform magnetic 

induction B. Plot the current as a function of time in the loop 
taking clockwise direction as positive. Take 0 =Oat t = 0. 

' X X ~ X ' ---t--- ro B 

B 
X X 

X X 

X X X 

X X X 

_Figure S.45 

Solutio11 

In the rotating loop shown in figure EMF will only be induced 
in the segment of OB and OA of the loop when these are inside 
the magnetic field region and cutting the magnetic lines. When 
segment OB is in the magnetic field then by right hand palm rule 

point B will be at higher potential and EMF induced across OB 
is given as 
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1 2 e= -Broa 
2 

This causes an anticlockwise current in the loop which is given 

as 

. e Broa2 

i=-=--
R 2R 

... (5.34) 

After halfrevolution when segment OB comes out of the region 
of magnetic field, segment OA enters into the region and same 
EMF is induced in it and a clockwise current of same magnitude 
flows in the loop. Thus the plot of time function of current is 
shown in figure-5.46. 

Broa2 

+--
2R 

Broa2 

2R 

I 
11/ro 

f---~ 

I 
12rr.Jro 

Figure 5.46 

# lllustrative Example 5.13 

I I Src/ro 

P and Qare two vertical infinite conducting plates kept parallel 
to each other and separated by a distance 2r. A conducting 
ring ofradius r falls vertically between the planes such that 
planes are always tangential to the ring. Both the planes are 
connected by a resistance R. There exists a uniform horizontal 
magnetic field of strength B perpendicular to the plane ofring. 
The arrangement is shown in figure-5.47. Plane Q is smooth 
and friction between the plane P and the ring is enough to 
prevent slipping between ring and plane P. At I= 0, the ring 
was at rest and neglect the resistance of the planes and the 
ring.Find 

(a) The current through resistance R as a function of time 

(b) Terminal velocity of the ring 

(c) State the difference in analysis of situation if ring is also 
made up of a wire of resistance R. 

X X R X X 

X X X X 

X X X 

X X X X 

p 2r Q 
X X X X 

Figure S.47 

Solution 

If v be the velocity of center of mass of the ring at anytime I, 
the EMF across the diameter ofring is given as 

e=2Bvr 

Current through resistance is given as 

. 2Bvr 
i=R ... (5.35) 

The forces acting on the ring are shown in figure-5.48. For 
rolling motion of ring its equation of motion for rotational 

motion is 

fr=Io. 

Ia Ia 
J=-=-

r r 2 

F. 
J 

mg Q 

Figure 5.48 

Smooth 
plane 

The upward magnetic force on ring is given as 

Fm=Bi(2r) 

=> 
4B2r2v 

F=-­
m R 

... (5.36) 

... (5.37) 

Equation of motion for translational motion of the ring is 

=> 

=> 

=> 

=> 

=> 

mg-f-Fm=ma 

Ia 4B2r2 

mg- ----v =ma 
,, R 

4B2r 2 Ia 
mg---v = ma+-

R r2 

4B
2
r

2 
[ I] mg--R-v = a m+? 

( 
4B

2
,-

2 
) dv[ I] mg--B-v = dt m+ ,.2 

dv ( I) 
( )

x m+ 2 =di 
4B2,.2 r 

mg---v 
R 

... (5.38) 
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For a ring we use its moment of inertia is given as I= mr2which 
gives 

2md, 

-l. 4B2,2 ) = dt 
mg---v 

R 

... (5.39) 

Integrating eqnation-(5.39) within proper limits, we get 

... (5.40) 

From equations-(5.35) and (5.40), we get 

(b) Terminal velocity of the ring can be calculated by 

equation-(5.40) after a long time which is given as 

mgR 
v=--

4B2,2 

(c) If ring ismadeupofa wireofresistanceRthenEMFinduced 
in the two half rings will remain same but as both the half rings 

will have resistance R/2 and the two EMFs in these halfrings 
are considered in parallel so the total resistance of the circuit 
will becomeR + RJ.4= 5R/4. Thus the analysis done in part (a) 
and (b) remain same with the resistance value replaced with 
5R/4 instead ofR. 

~~-·~ ' "(.- ' . 
j. w.:hReference'atwww,physicsg;ilax;y.com 

LAge dro-!W·~~e i , . .:::1.2.[_f;g1117-19 Years 
l?, Section '.S11-~:;.,tic Effects •.• • ,: 

~~c:.Jlle~tt~igit~~ .. -fod~~d~n 
"':· <rffe>ci,'.,jt;:-,z ;;, 1· . ...~,~""'·"-,/,, 
{ .Mi\dul~ ~wnber- J to 19~:, ,, 
;;, ;;...,__.:,_;,,,,;,_,,_; . 'i· ;; - ' '" d' 

Practice Exercise 5.1 

(i) A coil of mean area 500cm2 and having I 000 turns is 
held perpendicular to a uniform field of0.4G The coil is turned 
through 180° in 1/1 Os. Calculate the average induced EMF. 

[0.04V] 

Elecy~.!-J~~)idtlctionarn!Altemating Current J 
fti) 1\vo long parallel conducting horizontal rails are 
connected by a conducting wire at one end. A uniform magnetic 

field B directed vertically downwards exists in the region of 
space. A light uniform ring of diameter d which is practically 
equal to separation between the rails, is placed over the rails as 
shown in figure-5.49. 

B 
® 

Figure 5.49 

If resistance of ring be A. per unit length, calculate force required 
to pull the ring with uniform velocity. 

[ 4B
2
vd ] .,. 

(iii) A very small circular loop of area 5 x 104 m2, resistance 

2Q and negligible inductance is initially coplanar and 

concentric with a much larger fixed circular loop ofradius O. lm. 
A constant current of IA is passed in the bigger loop and the 
smaller loop is rotated with angular velocity ro rad/s about a 
diameter. Calculate 

(a) Maximum flux linked with the smaller loop 

(b) Average induced EMF in one rotation of the loop 

(c) Induced current in the smaller loop, as a function of 
time. 

[(a) !Os x 10-10 Wb; (b) 10 .. ro; (c) 2.5 x 10-10 oo sinoot] 

fw) A plane spiral with a great number N of turns wound 
tightly to one another is located in a uniform magnetic field 
perpendicular to the spiral's plane. The outside radius of the 
spiral's turns is equal to a. The magnetic induction varies with 
time as B = B0 sin rot, where B0 and ro are constants. Find the 
amplitude of induced EMF in the spiral. 

(v) Two long parallel horizontal rails, a distanced apart and 
each having a resistance A. per unit length, are joined at one 
end bya resistance R. A perfectly conducting rod MN of mass 
m is free to slide along the rails without friction as shown in 
figure-5.50. There is a uniform magnetic field of induction B 
normal to the plane of the paper and directed into the paper. A 
variable force Fis applied to the rod MN such that, as the rod 
moves, a constant current i flows through R. 

(a) Find the velocity of the rod and the applied force Fas 
function of the distance x of the rod from R. 

(b) What fraction of the work done per second by F is 
converted into heat? 
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X X MX X X X 

X X X X X X 

R B d 

X X X X X 

X X N X X X X 

Figure 5.50 

[(a) 
i(r+2AX) ( 2i21.(R+2AX)) s3d 3 

Bd 'm B2d 2 (b) 2mil.(R+2AX) J 

('1") A wire frame ofarea 3.92 x 1 o-4m2 and resistance 20n is 
suspended freely.from a 0.392m long thread. There is a uniform 
magnetic field of 0.784T and the plane of wire-frame is 
perpendicular to the magnetic field. The frame is made to 
oscillate under gravity by displacing it through 2 x 1 o-2 m from 
its initial position along the direction of magnetic field. The 
plane of the frame is always along the direction of thread and 
does not rotate about it. What is the induced EMF in wire-frame 
as a function of time? Also find the maximum current in the 

frame. 

[2 x 10 .. V, 10-7AJ 

(vii) A square frame with side a and a long straight wire 
carrying a current i are located in the same plane as shown in 
figure-5.51. The frame translates to the right with a constant 
velocity v. Find the EMF induced in the frame as a function of 

distancex. 

x---+1 

Figure 5.51 

(viii) A rod oflength 2a is free to rotate in a vertical plane, 
about a horizontal axis O passing through its mid-point. A long 
straight, horizontal wire is in the same plane and is carrying a 
constant current i as shown in figure'.S.52. 

i 
I 

2a 

Figure S.52 

At initial moment of time. The rod is horizontal and starts to 
rotate with constant angular velocity ro, calculate EMF induced 

in rod as a function of time. 

[ µ0i@ [di (d-asinrot) 2a . ] 
21tsin2 rot n d+asinrot - smrot ] 

(ix) Two long wires are placed on a pair of parallel rails 
perpendicular to the wires. The spacing·between the rails dis 
large compared with x, the distance between the wires. Both 
wires and rails are made of a material ofresistivity p per unit 
length. A magnetic flux density Bis applied perpendicular to 
the rectangle by the wires and rails. One wire is moved along 
the rails with a uniform speed v while the other is held stationary. 
Determine how the force on the stationary wire varies with x 
and show that it vanishes for a value ofx approximately equal 

to (fio v/41tp ). 

(x) A uniform rod AB of mass m and length I is placed over 
two smooth conducting rails P and Q. If the switch shown as 
closed at I= 0, find the velocity ofrodAB as a function of time. 

X X X X 

A + 

1 
'P 

X X X X 

fs I! X 

F=Bil 

V X X X - Q 
R B -

X X X X 

Figure 5.53 

[ -"-(1-e_.,,,,,.,)] 
Bl 

(xi) In figure-5 .54 a wire ring ofradius R is in pure rolling on 
a surface. Find the EMF induced across the top and bottom 

points of the ring at any instant. 

X X X X X 

+A~ 

ro 

X X X "-----+v X 

1/ 

X X X X X 

Figure 5.54 

[2BroR2J 

(xii) Figure-5.55 shows a small circular coil of areaA suspended 
from a point. 0 by a string oflength / in a uniform magnetic 
induction. B in a uniform magnetic induction B in horizontal 
direction. If the coil is set into oscillations like a simple pendulum 
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by displacing it a small angle 00 as shown, find EMF induced in 
coil as a function of time. Assume the plane of coil is always in 

1 plane of string. 

1/. 

B\ 
• • • • ----+--->'--------+n 

• • • • 
• t-, : . 
\..} 
t=t 

Figure 5.55 

5.2 Ttme Varying Magnetic Fields (TVMF) 

Whenever a coil is placed in a magnetic field which varies with 
time the magnetic flux linked with the coil changes with time. As 
already studied in previous chapter that variation in magnetic 
field causes an electric field to be induced which can cause 
charge inside coil to flow and can cause induced current. There 
are several electrical parameters which can be calculated in any 
electrical circuit when magnetic flux associated with the circuit 
changes with time. In this section we'll discuss some of specific 
cases related to time varying magnetic fields. 

5.2.1 Charge Flown through a Coil due to Change in Magnetic 
Flux 

~lectro~agne~p_!n~upi'l!'_ '!"~!-_l!~~un,,nt j 
Integrating above expression we get 

. .. (5.41) 

Using above equation-(5.4 !) we can calculate the total charge 
flown through a coil if the flux linked with the coil changes by 
Acj>. In above expression modulus for change in magnetic flux is 
nsed to avoid the sign for the charge flown as direction in 
which charge flows can be calculated by Lenz's law which we've 
already discussed . 

5.2.2 Induced EMF in a Coil in Time Varying Magnetic Field 

When a coil is placed in time varying magnetic field, as discussed 
in previous article the changing magnetic flux causes an EMF 
to be induced in the coil. If the coil area is A through which the 
magnetic flux is passing as shown in figure-5.56 then at any 
instant magnetic flux passing through the coil is given as 

4\ =BA 

X X X X 

X X X X 

X X X X 

X X X X 

Figure 5.56 

If there are N turns in the coil then all these turns are considered 
in series one after another at the same place so in such condition 
the magnetic flux 'linked' with the coil is given as 

_ If magnetic flux associated with a coil changes with time then <J>= BA xN ... (5.42) 

according to Faraday's law the EMF induced in the coil is given The EMF induced in coil (in all turns) is given as 
as 

e=l~;I 
If coil resistance is R then the induced current in coil is given as 

i=; = ~ l~;I 
Ifin time dt a charge dq flows through the coil when flux change 
is d<j> in this time then we have 

dq = _!_ ldcj>I 
dt R dt 

ld<J>I 
dq=­

R 

e= ld<j>l=ANdB 
dt dt 

... (5.43) 

Above EMF is called 'Loop EMF induced in the coil which is 
distributed in every element of the coil. 

Figure-5.57(a) shows a single turn circular coil placed in time 
varying magnetic field in inward direction of which magnitude 
is increasing with the function B = j(t). According to Lenz' s law 
due to increase in magnetic flux through the coil an anticlockwise 
current is induced in it to oppose the increasing flux. Actually 
this induced current is caused by the EMF induced in every 
element of the coil as shown in figur<>-5.57(b). Every small element 
of the coil behaves like an elemental EMF de and all such 
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elemental EMFs are in series. Sum of all these EMFs in the coil 

is called loop EMF given byequation-(5.43). 

X X 

X X 

X X 

X X 

X X 

X 

X 

X X 

X 

X 

X 

(a) 

X 

X 

(b) 
Figure 5.57 

X 

Area=A 

X 

X 

X 

X 

X 

X 

X 

5.2.3 Induced Electric Field in Cylindrical Region Time 
I 

Varying Magnetic Field 

Figure-5.58 shows magnetic field along the axis ofa cylindrical. 

region of radius R. A coil ofradius r is placed coaxially in the 
region as shown. If magnetic induction starts increasing with 

time an EMF is induced in the coil wire which causes an electric 
field to be induced in the wire due to which induced current 

flows. 

...... ------....... -) 

,,... ~ X ',, B = f(t)t 
' ' / ----- \ 

' ' ' ' :x x x Rx 1 

' ---r--;,' 
' ' , r , 
\x x x x/ 
' ' ' ' \, / .. ,.,/ .. , .. : ... ____ -:-~ ... , 

Figure 5.58 

By symmetry of the region in which magnetic field exist, the 
direction of induced electric field in the coil wire must be same 

as that of the induced current so at every point of the coil we 
can consider electric field to be along the tangent as shown in 

figure-5.59(a). Even ifcoil is not placed here, induced electric 
field lines will be closed circles as shown in figure-5.59(b). 

(a) 

--------.. 
,,_.,""'"'X X .. ,,,_, 

' -------- ', ' ' ' ' / ' ,~ 0 x\ ' ' ' ' ' ' ' ' ' : ~ X XI 

' ' 
\',,... -------- \// 

',.._._X X ,,.,,. 

--------- Electric Field Lines 

(b) 
Figure 5.59 

The induced EMF in the coil shown in figure-5.58 can be given 

as 

_ 2 dB 
e loop - 7tR dt ... (5.44) 

If we consider an electric field line of radius x as shown in 

figure-5.59(a) then along this circnlar line total loop EMF induced 

is given as 

dB 
·eloop =m:2dt 

If E be the strength of induced electric field along the above 
line of force in consideration then we can.write 

By symmetry we can state that magnitude of electric field along 

the coaxial line of force should remain same and it is tangential 

to the line of force so we can write 

dB 
E(2m:) = m:2 di 

1 dB 
E= Zxdt ... (5.45) 
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Equation-(5.45) shows that electric field increases with distance 
from axis of region thns the density of electric lines of forces 
increases as we move away from the central axis. The 
configuration of electric lines is shown in fignre-5.60. 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' / 
/ 

Figure 5.60 

5.2.4 Induced Electric Field outside a Cylindrical Region Time 
Varying Magnetic Field 

Fignre-5 .61 shows a time varying magnetic field confined in a 
cylindrical region ofradins R and we consider a closed circular 
path ofradius x concentric with the region of magnetic field as 
shown by dotted path. Within this path the magnetic flux 
passing is given as 

E 
--............ ,, 

X 

o 
' ' \ E 

' ' ' X X 
X R---+~~ .. , 

X 

X X X ' 

---.. ,'' 
E 

Figure 5.61 

/ 

' ' ' ' ' 

If we place a coil along this path then EMF induced in the coil is 
given as 

_ 2 dB 
eloop -nR dt 

By symmetry the direction of induced electric field will be 
tangential to the path as discussed in previous article and using 
induced electric field loop EMF can be given as 

,~ dB -J--- 2_ eloop - E.d/ -11R dt 
0 

• _E_i~iraniagn!,tic Induction and AJtematlQ!l purren\ I 
dB 

E(2it<) = 11R2 -
dt 

E= _!.(R')dB 
2 X dt ... (5.46) 

From equation-(5.46) we can see with distance from the axis of 
the cylindrical region magnitude of electric field decreases. The 
configuration of electric lines of forces inside and outside the 
region of time varying magnetic field is shown in fignre--5.62. 

Figure S.62 

5.2.5 Electric Potential in Region ofTime Varying Magnetic 
Field 

We've discussed in previous article that induced electric field 
in time varying magnetic field have closed loop electric lines of 
forces as there are no static charges or source of electric field is 
present in this situation for which the field is non conservative 
in natnre as for a charge going round the loop electric force acts 
in same direction and hence work done is non zero. Thus for the 
induced electric field in time varying magnetic field we have for 
a general closed path 

... (5.47) 

Thus in regions of time varying magnetic fields at any point in 
space we cannot define potentiatas electric field in this region 
is non conservative in nature. 

When a metal body is placed in time varying magnetic field 
then due to induced electric field free electrons of the metal are 
displaced which. causes an opposing static electric field to be 
developed inside the metal due to static charges and at every 
point inside the metal its magnitude is equal to that of non 
conservative induced electric field of the region. To understand 
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this we will discuss on an illustration shown in figure-5.63. 

f X 

X X X X 

X X X X X 

X 

R 

X 

X X 

Figure S.63 

Inside a time varying magnetic field, a rod AB of length L is 
placed such that the axis ofrod is at a distance r form the rod. 
We consider an element oflength dx on rod at a distancex from 
point Oas shown in figure above. The induced electric field at 
the location of element dx can be obtained by eqnation-(5.45), 
given as 

1 ,,_----, dB 
E.=-vr+x·-

' 2 dt 
... (5.48) 

Due to the component of this electric field along the length of 
the rod its free electrons will drift toward left and left end A of 
rod becomes negative and due to deficiency of electrons end B 
becomes positive. These charges establishes another electric 
field inside the rod from B to A. In steady condition this electric 
field balances the component of E, along the rod° so that no 
further drift of free electrons take place. Thus the electric field 
inside the rod due to static charges which is conservative in 
nature is given as 

E = E,cos0 ... (5.49) 

I ,,_----, dB r 
E= -vr- +x-- x ----

2 dt .Jr' +x' 

I dB 
E=-r-

2 dt 
. . . (5.50) 

The expression in above equation-(5.50) shows that the static 
electric field inside the rod is uniform and depends only upon 
the distance of axis of rod from the center of the cylindrical 
region in which magnetic field is confined. 

If this electric field is uniform, the potential difference across 
the rod is given as 

V8-VA =EL 

V. -V = (l.rdB)L 
B A 2 dt 

I dB 
V. -V =-rL-
s A 2 dt 

... (5.51) 

····--··· - ·····----1-43~! 
. ·-· -·-----··-------_..;..=.,. 

5.2.6 Eddy Currents 

When a conductor moves in a magnetic field or there exist some 
relative motion between a conductor and magnetic field then 
localized currents are induced within the body of conductor in 
plane perpendicular to magnetic field if magnetic flux passing 
through the conductor changes. These currents are called 'Eddy 
Cu"ents' or 'Foucaults Currents'. 

Figure-5.64 shows a closed loop which is being pulled out from 
a magnetic field due to which the magnetic flux through the 
loop is decreasing and according to Faraday's law a motional 
EMF Bvl is induced in the segment DA of the conductor and a 
clockwise induced current flows in it. Due to this current segment 
DA experiences an opposing force Bil which opposes the loop 
to be pulled out from the magnetic field which is in accordance 
ofLenz'slaw. 

' ' ' X X x, 
' A ' B ' 

X X X 

V 

F-Bvl 
X X X 

D C 

X X X 

Figure S.64 

See figure-5.65 in which a sheet of metal is being pulled through 
a magnetic field. In this case there is no wire loop like figure-5.64 
but the dotted segments of the sheets as shown in below figure 
will develop an induced EMF and tend to supply clockwise 
induced cnrrents as shown in whichever path is available in the 
body of conductor. Due to these induced current these all 
segments within the magnetic fields experience a backward force 
by magnetic field and opposes the motion of sheet or develop 
a braking action for the moving conductor. These induced 
currents are 'Eddy Currents' . 

' ' X 
' ' ' 

' " ' I X 

X X 

1 

Eddy Currents 

' X ' 
' ' ' 

' ' ' X I 

· Figure 5.65 

V 
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Figure-5.66 shows another illustration ofbraking ofa rotating 
conducting disc by eddy currents. On the surface of a rotating 
metal disc we apply magnetic field on a part of its surface area 
as shown. Those segments of the metal disc which are moving 
through this region of magnetic field develop an induced EMF 
and eddy currents flow as shown in figure-5.66(b) which is the 
top view·ofthe rotating disc. These currents are concentrated 
mainly in the part of disc where magnetic field is applied and 
outside these are scattered to form close loops. In this part of 
disc these currents will experience an opposing magnetic force 
to rotation of disc and hence it provides a braking action on 
rotating disc by the torque due to this magnetic force. 

0) 

CJ --------.._.J· : ! 

(a) 

(b) 
Figure 5.66 

' ' 

Eddy Current 

When a metal body is placed in a time varying magnetic field 
then localized currents are induced in metal body due to swirling 
of free electrons of metal in small closed paths. These are also 
eddy currents which produce their localized magnetic field in 
opposition to the change in external magnetic field. Figure-5. 67 
shows a metal sheet placed in a time varying magnetic field into 

. _ Electromagnetic Induction .amj Alternating C4rrent j 

Eddy currents 

Figure S.67 

As discussed above whenever eddy currents are piciduced in a 
metal·body these have two main eflects on the specific situation 
under which these eddy currents are produced .. One is the 
braking action on the relative motion of conductor and magnetic 
field and other is the heat dissipation in the body of conductor. 
Due to these actions there are many useful applications of eddy 
currents are developed at industrial and laboratory level. 

# lllustrative Example 5.14 

Two concentric coplanar circular loops made of wire with 
resistance per unit length l Q-40/m, have diameters 0.2m and 
2m. A time varying potential difference ( 4 + 2.51) volt is applied 
to the larger loop. Calculate the current in the smaller loop. 

So/utio11 

The situation described in question is shown in figure-5.68 

V=(4+2.5t) 

Figure 5.68 

The magnetic induction at 0, due to the current in large loop is 
given as 

/ 

where 

B = µoi 
0 2R 

. V (4+2.St) 
,= Ii= (2rrRJp 

the plane of sheet which increases with time. This causes several 
miniature anticlockwise currents induced in the body of sheet 
due to swirling of free electrons in small closed path at their 
local positions. Such currents cause continuous dissipation of 

~ heat in the metal body. 
B = ~[(4+2.St)] 

o 2R (2rrR)p 
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Here we consid~r that the central loop is very small i.e., r<< R, 
so the field may be considered as constant within the loop. 
Thus within the loop the field is B0 so the flux through smaller 
loop is given as 

,. _,., µ0 [(4+2.51)] 2 .,,,=B x (n, ,= - ~-~ ·nr 
0 2R (27tR)p 

Induced EMF in the smaller loop is given as 

e = ldcj,I = µor2 x (2.5) 
dt 4R2p 

Thus current i in the smaller loop is given as 

i= !'... = µ0r
2 

x2.5x(-'-) 
. R 4R2p 2,rrp 

/ . 2.5µ0r ,= 
87tR2p2 

2.5x (4,rx!0-7)(0.1) 
i = -~----,,-'--'- = 1.25A 

8,rx!x!0-8 

#ll/ustralive Example 5.15 

A current i= 3.36(1 +2t) x J0·2Aincreases at a steady rate in a 
long straight wire. A small circular loop ofradius 10-3mhas its 
plane parallel to the wire and is placed at a distance oflm from 
the wire. The resistance of the loop is 8.4 x 10-4 n. Find the 
magnitude and direction ofinduced current in the loop. 

Sol11tio11 

_Situation described in question is shown in figure-5.69 

I, 
Ii"\ 

a'<9f 

Figure 5.69 

The magnetic flux passing through the loop is given as 

cj,=BA= ( µoi)rra2 = fioa2i 
2,rr 2r 

µ a2 
cp= - 0-[3.36(J +2/) X J0-21 

2x! 

The induced e.m.f. is given by 

d/f> µ ;,2 
e= - = - 0

- x [3.36 x2 x 10-21 
dt 2 

e =3.36 x.10-2 x ~a2 

So, the induced current i is given by 

e I 
i= R = R x3.36x 10-2xµ0a

2 

4 22xl0-14 

i= . =5xl0-11A 
8.4x!0-4 

# lllustrative Example 5.16 

145j 

A long straight solenoid of cross-sectional diameter 
d and with II turns per unit of its length has a round turn of 
copper wire of cross-sectional area A and density p is tightly 
put on its winding. Find the current flowing in the turn if the 
current in the solenoid winding is increased with a constant 
rate J ampere per second. 

Sol11tio11 

The magnetic field inside the solenoid is given as 

B=µ0 11i 

The flux through its cross section of copper winding is given 

as 

,rd2 
cj,= BA= (µo"i) 4 

EMF induced in the copper wire is given as 

l
dcj,I d

2 
di 

e= dt =µo""4 dt 

Current in the copper wire is given as 

e µ0n7td2 I 
[=-= 
C R (,rd) 4-p A 

fl. Illustrative Example 5.17 

For the situation described in figure-5. 70 the magnetic field 
changes with time according to, 

B=(2.00t3- 4.00t2+0.8) Tandr2=2R=5.0cm 

(a) Calculate the force on an electron located at point P2 at 
time instant t= 2s 

(b) What are the magnitude and direction of the electric field 
atP

1 
when/= 3s andr

1 
= 0.02m. 
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Figure 5.70 

Solution 

(a) At point P2 the induced electric field strength is given as 

R
2 (dB) 

E= 2r
2 

di 

eR2 

F=qE= -(6t2-8t) 
2r2 

Substituting the values we get 

F (I .6x 10-19)(2.~ xl0-2) [6(2)2-8(2)] 
2x5xl0 2 

F= 8.0 x 10-21 N 

(b) At P1 being a point inside of the magnetic field, the 

induced electric field at this point is given as · 

E= ~(~·) 

E= 5_ [6t2-8t] 
2 

E= 0.0
2 

[6(3)3-8(3)] 
2 

E=03V/m 

As discussed irrthe above part, direction of electric field is in 

the direction of induced current (anticlockwise) in an imaginary 

circular conducting loop passing through P 1• 

# Rlustrative Example 5.18 

A plane loop shown in figure-5. 71 is shaped in the from of two 

squares with sides a and band it is introduced into a uniform 

magnetic field at right angles, to the loop's plane. The magnetic 

induction varies with time as B = B0 sin rot. Find the amplitude 

of the current induced in the loop if its resistance per unit 

length is equal tor. The induction of the loop is negligible. 

Elec!r~~~netic Induction and Alternating· Current] 

/ 
A 

Figure 5.71 

Solution 

The loops are connected in such a way that EMFs in loops will 

oppose each other. The EMF induced in first loop is given as 

d d 
e = -(a2 B)=a2-(B sin cot) 

A dt dt O 

=> e A= a2 B0 co cos cot 

EMF induced in the second loop is given as 

e
8 

,,;_ b2 B
0 

co cos cot 

Resistance of the circuit is given as 

R=4(a+b)r 

Amplitude of current is given as 

. ( a2 -b2 )B0co 
I = 0 4(a+B)r 

. 1 (a-b)B0co 
•o= 4 r 

#Rlustrative Example 5.19 

Figure-5. 72 shows a conducting loop of which semi-circular 

part lies in the magnetic induction B which varies with time, 

given as 

B=at'+ct2.+jT 

The wire is having a resistance Rntm. Find current in loop at 
timet=2s. 

-~--+ .I:':\ 
'--=i- + 

• 

0 

Figure 5.72 

r 
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Solution 

Induced emfin the loop is given as 

dB 1tr2 
2 e= A-= -(3at +2ct) 

dt 2 

Total resistance of the loop is given as 

Current in loop is given as . 

e-e 
i=--

Rr 

1tr2 
e--(3at2 +2ct) 

i= 2 
rR(3 + 1t) 

# Illustrative Example 5.20 

A thin non-conducting ring of mass m carrying a charge q can 
freely rotate about its axis. At the initial moment, the ring was 
at rest and no magnetic field was present. Then a practically 
uniform magnetic field was switched on, which was 
perpendicular to the plane of the ring and increased with time 

according to a certain law B(t). Find the angular velocity 
attained by the ring as a function of the magnetic induction 
B(t). 

Solution 

A changing magnetic field sets up an induced electric field due 
to which the torque on ring causes it to accelerate, we use 

But 

2 dro 
,=mR -

dt 

1 2 dB 
t=q ER= q·-R -

o 2 dt 

From equation-(5.52) and (5.53) we have 

.!_R2q dB = mR2 dco 
2 dt dt 

I 
-qdB =mdco 
2 

Integrating above expression upto a time t we get 

I 
2 qB(t) = mco 

co=_!J___B(t) 
2m 

... (5.52) 

... (5.53) 

1411 

The direction of co will be opposite to the direction of magnetic 
induction. 

# lllustrative Example 5.21 

An infinitesimally small bar magnet of dipole moment Mis 
pointing and moving with the speed vis in theX-direction. A 
small closed circular conducting loop of radius a is placed in 
the Y..Z plane with its centre at x = 0, and its axis coinciding with 
the X-axis. Find the force opposing the motion of the magnet, 
if the resistance of the loop is R. Assume that the distancex of 
the magnet from the centre of the loop is much greater than a. 

Solution 

The varying magnetic field due to magnetic dipole will produce 
induced current in the coil. Due to induced current in circular 
conducting loop, it will also behave like a small bar magnet. 
This bar magnet will produce a force opposing the motion of 
the magnet. The situation is shown in figure-5. 73. 

y 

z 

a 

)O+----C=::=i!----+.X 
-1 

Figure 5.73 

The magnetic field at the centre O of the coil due to bar magnet 
is given as 

µo 2M 
B=-X-

41t x3 

The magnetic flux through the loop due to bar magnet is given 
as 

µo 2M 2 $= -x-x(rra ) 
41t x3 

Induced EMF induced in circular loop is given as 

e= _d$ = _!!...[&.x2M x(1ta2)] 
dt dt 41t x3 

e = - µ0Ma2 (-3 x dx) 
2 x4 dt 

3µ 0Ma2v dx 
e= wherev= -

2x4 dt 

Induced current in the circular loop is given as 

. e 3µ 0Ma2v ,= - = 
R 2x4R 
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If M

00
;i be the magnetic moment of the coil. Then we have 

Now, opposing force on bar magnet is given as 

· dB µ0 . 6MM,
0
u 

F= M.- = -x--= 
tb: 41t x 4 

# Rlustrative Example 5.22 

A closed coil having 50 turns, area 300cm2, is rotated from a 
position where it plane makes an angle of 45° with a magnetic 
field offlux density2.0T to a position perpendicular to the field 
in a time of0.ls. What is the average EMF induced in the coil? 

Solution 

Initially the flux linked with each turn of the coil is given as 

<i>= B·A =BAcos9=BAcos45° 

Substituting the values, we get 

<!>=2.0 X 300 X !04 X 0.7071 

<!>=4.24 X !0-2 Wb 

Finally flux linked with each turn of the coil is given as 

<i>'=BAcos0°=BA 

,V=2.0x300x lo-4=6.0x I0-2 Wb 

Change in flux in this process is given as 

"'!>=<!>'-<!> 

--~· ilq,=(6.0 X 10-2)-4.24 X J0-2 

~ i',j>= J.76 X 10-2 Wb 

This change is carried out in 0.1 s. The magnitude of the average 
EMF induced in the coil is given as 

e= NdW-<I>) = 50x l.76x!O_, 
dt 0.1 

e=8.8V 

___ Electromagnetic lnduc_Uon and Alternating Clfr@itl 

# Rlustrative Example 5.23 

A long solenoid has n turns per unit Ieng¢, radius R and carries 
a currentlis kept in gravityfreeregion. From its axis at a distance 
twice that of its radius a charge +q and mass m is placed. If the 
current in solenoid is suddenly switched off:; find the velocity 
attained by the charge. 

Solution 

Magnetic-induction inside the solenoid is given as 

B,= l1c,1U 

E 

Figure 5.74 

If the duration in which field drops to zero after switching off 
then electric field induced at a distancex outside in this duration 
lit is given as 

1 R2 dB R (µ0NI -0) 
E - 2-x- ·-d-t - ·;r=~li-t~ 

0

Due to the induced electric field, impulse on the charge +q in 
this duration is given as 

J=qElit=mv 

qElit 
v=-­

m 

v= !L(µonIR) = µ0nIRq 
m 4 4m 

;c··---r-:--------------~ 
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Practice Exercise 5.2 

(i) A magnetic flux through a stationary loop with a 

resistance R varies during the time interval, as ~ = a t(, - t). 

Find the amount ofheat generated in the loop during that time. 

The inductance of the loop is to be neglected. 

(ii) A long solenoid having 1000 turns per cm carries an 

alternating current of peak value IA. A search coil having a 

cross-sectional area of I x I 0-4 m2 and 20 turns is kept in the 

solenoid so that its plane is perpendicular to the axis of the 

solenoid. The search coil registers a peak voltage of 

2.5 x I 0-2 V. Find the frequency of the current in the solenoid. 

[15.8s-1] 

(iii} Two infinite long straight parallel wires A and B are 

separated by 0. lm distance and carry equal currents in opposite 

directions. A square loop of wire C of side 0. lm lies in the plane 

of A andB. The loop of wire Cis kept parallel to both A andB at 

a distance of0.lm from the nearest wire. Calculate the EMF 

induced in the loop CwhilethecnrrentsinA andB are increasing 

at the rate of 103 A/s. Also indicate the direction ofcurrent in 

the loop C. 

[2 x 10-s ln(i)volt, clockwise] 

(iv) A flat circular coil of200 turns of diameter 25cm is laid 

on a horizontal table and connected to a ballistic galvanometer. 

The complete circuit is having resistance of 8000. When the 

coil is quickly turned over, the spot oflight swings to a maximum 

reading of30 divisions. When a 0.1 µF capacitor charged to 6 V 

is discharged through the same ballistic galvanometer, a 

maximum reading of 20 divisions is obtained. Calculate the 

vertical component of the earth's magnetic induction. 

[0.37 x !0-4T] 

(v) A rectangular frarneABCD made of a uniform metal wire 

has a straight connection between E andFmade of the same 

wire as shown in figure-5.75. AEFD is a square of side Im and 

EB = FC = 0.5 m. The entire circuit is placed in a steadily 

increasing uniform magnetic field directed into the plane of the 

paper and normal to it. The rate ofchange of magnetic field is 

IT/s. The resistance per unit length of the wire is 10/m. Find 

the magnitudes and directions of the current.sin the segment 

AE,BEandEF. 

i Af't":=="':==:==:=i!r.Ea=:==":,1B 

I : :B : 
Di-t-lm 

X X X 

Figure 5.75 

(vi} In a long straight solenoid with cross-sectional radius a 
and number of turns per unit length n a current varies with a 
constant velocity I ampere per second. Find the magnitude of 
the induced electric field strength as a function of the distance 
r from the solenoid axis. Draw the approximate plot of this 
function. 

1 la2µn/ 
[Forr<a, -rµ0n/andforr>a, ---0 -J 

2 2 r 

(vii} A thin non-conducting ring of mass m radius a carrying 
a charge q rotates freely about its own axis which is vertical. At 
the initial moment, the ring was at rest and no magnetic field 
was present. At instant t = 0, a uniform magnetic field is switched 
on which is vertically downwards and increases with time 
according to the law B = B.i. Neglecting magnetism induced 
due to rotational motion of the ring, calculate 

(a) The angular acceleration of the ring and its direction of 
rotation as seen from above. 

(b) Power developed by the forces acting on the ring as 
function of time. 

B 1B1 2 
[(a) _.i (b) ~ l 

2m 4m 

(viii) In the middle ofa long solenoid, there is a coaxial ring of 
square cross-section, made of conducting material with 
resistivity p. The thickness of the ring is equal to /J, its inside 
and outside radii are equal to a and b respectively. Find the 
current induced in the ring if the magnetic induction produced 
by the solenoid varies with time asB= ~I, where~ is a constant. · 

[ hP Cb' - a')] 
4p 

(ix) A long solenoid of diameter 0.lm has 2 x 104 turns per 
meter. At the centre of the solenoid a 100 turn coil ofradius 
0.0lm is placed with its axis coinciding with the solenoid axis. 
The current in the solenoid is decreased at a constant rate from 
+2A to-2A in 0.05s. Find the EMF induced in the coil.Also find 
the total charge flowing through the coil during this time if the 
resistance of the coil is I0,c2Q. 

[6.41t2 x 10-3v, 32µC] 

Study Physics Galaxy with www.puucho.com

www.puucho.com



~[~po~_---------
(x) A long solenoid of cross-sectional radius a has a thin 

insulated wire ring tightly put on its winding; one-half of the 

ring has the resistance 11 times that of the other half. The 

magnetic induction produced by the solenoid varies with time · 

as B = bt, where b is a constant. Find the magnitude of the 

electric field strength in the ring. 

(xi) A magnetic field induction is changing in magnitude at 

a constant rate dB/dt. A given mass m of copper is drawn into 

a wire ofradius a and formed into a loop ofradius r is placed 

perpendicular to the field. Showthatthe induced current in the 

loop is given by 

m dB 
i=----

41tp8 dt 

where pis the specific resistance and 8, the density of copper. 

(xii) A long solenoid of cross-sectional area 5.0cm2 is wound 

with 25 turns of wire per centimeter. It is placed in the middle of 

a closely wrapped coil of! 0 turns and radius 25cm as shown in 

figure-5.76. 

,/ 

Flgu,re 5.76 

(a) What is the EMF induced in the coil when the current 

through the solenoid is decreasing at a rate- 0.20A/s? 

(b) What is the electric field induced in the coil? 

((a) 3.14 x IO""V; (b) 2.0 x 10-<v/m] 

(xiii) In a coil ofresistance R, magnetic flux due to an external 

magnetic field varies with time as ij,= k( C-t2). Where k and C 

are posiiive constants. Find the total heat produced in coil in 
timet=Otot=C. 

(xiv) Figure-5.77 shows a fixed coil of N turns and radius a 

carrying a current I. At a distancex from its centre another small 

coaxial coil of radius b(b << a) and resistance R is moving 

toward the first coil at a uniform speed v. Find the induced 

current in smaller coil. 

A 

I 

Fixed 

5.3 Self Jnductio11 

X 

Figure 5.77 

+-­
v 

We"ve studied that current flows in a closed circuit only and a 
circuit may consist of one or more loops. Whenever current 
flowing through a conductor (part of a closed circuit) or a coil 
changes then magnetic field produced by that current also 
changes and it changes the magnetic flux through the loop or 

loops in that circuit of which the conductor or coil is a part. 

Due to change in magnetic flux linked with the circuit of 
conductor or coil an EMF is induced in the coil which opposes 
the causes ofinduction i.e. the effects of induced EMF opposes 
the change in current. Thus every conductor or a coil when 
current flowing in it is changed due to the flux linked with the 
circuit ofits own current, electromagnetic induction takes place 
which opposes the change in current in itself. This property of 

a conductor or coil by which it opposes change in current in 
itselfis called 'Self Induction'. 

!fin a coil or a conductor a current I is flowing then magnetic 
flux ij, which is linked with the same coil or conductor is directly 
proportional to the current in it so we have 

ij,ocl 

ij,=LI ... (5.54) 

In above equation-(5.54), Lis a proportionality constant which 

is called 'Coefficient of Self Induction' for the coil or conductor 
and its associated circuit in which current I is flowing. 

If current changes at a rate of dl/dt then EMF induced in the 
circuit of coil or conductor is given as 

... (5.55) 

According to Lenz"s law the direction ofinduced EMF is such 

that it opposes the causes of induction which is change in 
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current thus signs of e and dlldt are opposite in above equation 
which can be written without modulus as 

. dI 
e=-L­

dt 
... (5.56) 

Unit used for measurement of coefficient ofSelflnduction is 
'Henery' or 'H' which is given as 

!H= 1 V-s/A 

S.3.1 Understanding Self Induction 

Consider two situations of a wire segment AB in a circuits as 

shown in figure-5.78. In first case shown in fignre-5.78(a) its 

just a straight wire AB in which a current! flows when switch is 

closed. Here we consider that remaining part of circuit is far 

away from the wire and not affected by the magnetic induction 

produced by this wire AB. In second case, shown in 

figure-5.78(b) in themiddleofwireABa loop is made bytwisting 

the wire through which magnetic flux passes when current flows 
through wire AB. 

A 

s 

1 

A_!__. 

' ' ' ' ' ' ' ' ,, 
' ,, 
' " ' 
' , ' , ' , , , , , 

(a) 

0 

0 

0 

0 

(ht 
Figure 5.78 

\0 
' ' \L_.1 lJ 

I I , ' , ' /® , 

0 

0 

0 

0 -+I B 

When the switch is closed in first case the current in wire quickly 
grows to a value I but in second case when switch is closed 
current grows but with this magnetic flux through the loop also 
increases which causes an EMF to be induced in the loop of 
which the direction is such that it opposes the change in flux. 
We've discussed that in time varying magnetic fields every 
element of the conductor or coil acts as an EMF thus the direction 

of such elemental EMFs in the loop are as shown in figure-5. 79. 

Due to the induced EMF in the loop the growth ofcurrent in 
wire AB after closing the switch is opposed and it grows slowly 
as compared to the first case. 

/y-4h\_ 
1 1 
\ T 

/~thtime Y~ __ 7 ____ _ 
Figure S.79 

Figure-5,80(a) and (b) shows the time variation of current in 

wire AB in the above two cases. In second case the growth of 
current is slow due to the induced EMF in the loop while current 

increases. 

I 

I, -·----------

t=O 

I 

t= 0 

(a) 

(b) 
Figure 5.80 

We can imagine a situation if instead of one we make three 

loops in wireAB as shown in figure-5.81. In this case EMF will 

be induced in all three loops which opposes the growth of 

current in wire AB hence opposition is more and growth of 

current will be even slower compared to the case with one loop 

in wire AB. Here we can say that with three loops self induction 

of wire AB is,l1igher compared to the situation with one loop 

and that is more than the situation without a loop. With the 

above illustrations we've taken it is evident that selfinduction 

ofa conductor or a coil depends upon the shape and size of the 

conductor. 
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Figure 5.81 

5.3.2 Self Inductance of a Solenoid 

A solenoid is a coil with multiple turns wound on a cylindrical 
core. When a steady current I is flowing through a long solenoid 
oflength /, total turns N with cross sectional area S, the magnetic 
induction inside is given as 

B=µo"/=µ 0 ( ~)1 
The magnetic flux through any cross section of the solenoid is 
given as 

(
µ,NJ) <i!;=BS= -

1
- S ... (5.57) 

Magnetic flux linked with all the turns of the solenoid is given 
as 

cj,=cj,sxN 

µ,N'S! 
cj,=~-

1 

cj,= (µ,~'S} ... (5.58) 

Comparing above equation-(5.58) with equation-(5.54) we get 
the coefficient of selfinduction for a solenoid given as 

µ N'S 
L=-'--

1 
... (5.59) 

Due to multiple turns connected in series in a solenoid when 
current flowing through it changes the EMF induced in it due 
to self induction is significant high compared to normal 
conductors and this property makes a solenoid very useful in 
difrerent types ofelectrical circuits. When a solenoid is used in 
circuits it is called an 'Inductor'. 

Whenever current flO\ving through an inductor changes with 
time then the inductor behaves like a battery of EMF given as 

di 
e=L-

dt 

In next article we'll discuss about the behaviour ofan inductor 
when used in electrical circoits. 

Electromagnet!c l~~~!l~~nd Alternating currenj] 

5.3.3 Behaviour of an Inductor in Electrical Circuits 

For use ofa solenoid in electrical circoits it is made in miniature 
form with close packed turns and cross sectional radius is kept 
very small compared to its length. Figure-5.82(a) shows a 
common commercial inductor which is used in electrical circuits. 
To save the space instead of keeping it as a straight solenoid 
the wire is wound in form ofa toroid as shown. Figure-5.82(b) 
and (c) shows different types ofinductors used in a circuit on a 
printed circoit board (PCB). 

Figure 5.82 

When a steady current flows through an inductor the magnetic 
flux due to the current remains constant and no EMF is induced 
due to self induction. Always remember that self induction plays 
its role of opposition only when current through a coil changes. 
If current is steady then the inductor behaves like a straight 
wire as shown in figurc-5.83(b) 

L 

~ ... A B 

/= constant 
(a) . (b) 

Figure 5.83 

Consider the case shown in figure-5.84 when current flowing 
through the inductor increases with time. In this case due to 
self induction an EMF is induced in the inductor so as to oppose 
the change in current. In this case as current is increasing and 
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flowing to the right then left end of inductor will have high 

potential and right end of inductor will be at low potential so 
that the EMF induced in the inductor tend to supply its current 

in direction opposite to the flowing current so that increase in 

current is opposed. In this situation the inductor behaves like 
an equivalent EMF across its terminals A and B as shown in 

figure-5.84(b). 

A L B 
~ 

I-/{1)t 

I increasing with time 
(a) 

Figure 5.84 

A B ~,-..i.1--+,.,1,-----~ 
I 

(b) 

E-L.:!!_ 
dt 

Figure-5.85 shows a case when current flowing through an 

inductor decreases with time. In this case due to self induction 
an EMF is induced so as to oppose the change in current. As 
current is decreasing, right end of inductor will be at higher 
potential and left end at lower potential so that the self induced 
EMF will tend to supply its current in the same direction as that 
of the existing current to oppose the decrement in current. In 

this situation the inductor behaves like an equivalent EMF 
• across its terminals A andB as shown in figure-5.85(a) and (b). 

A L B 
~ 
I-f{t)! 

I decreasing with time 
(a) 

Figure 5.85 

# Illustrative Example 5.24 

~_,_A _ _:-0,11-+ __ B+-I -•~ 
I 

E-L.:!!_ 
dt 

(b) 

How many meters ofa thin wire are required to manufacture a 
solenoid oflength /0 = 100 cm and inductance L = l.0mH, if the 
solenoid's cross-sectional diameter is considerably less than 

its length? 

Solution 

Selfinduction coefficient ofa solenoid is given as 

µ0N21tr2 
L= 

lo 

Total length of wire is given as 

l=Nx2w 

µ0/2 
L=-

4rc/0 

... ----·. 1s3'1 
,-- ----. "" - -.,! 

# Illustrative Example 5.25 

The inductor shown in figure-5.86 has inductance 0.54H and 
carries a current in the direction shown that is decreasing at a 

uniform rate, di/dt=-0.030Als. 

Figure 5.86 

(a) Find the self-induced emf. 

(b) Which end of the inductor, a or b, is at a higher potential? 

Solutio11 

(a) Selfinduced EMF is given as 

e=L1:1 =0.54x0.03V 

e = J.62 X 10-2 v 

(b) Current in the shown direction is decreasing. Hence 
indnced EMF should produce current in the same direction. 

Hence induced battery polarity will be as shown in figure-5.87 

below. 

a + - h 

Figure 5.87 

So we have 

# Illustrative Example 5.26 

Calculate the inductance of a unit length of a double tape line 
if the tapes are separated by a distance h which is considerably 
less than their width b. Current flows in the two sheets of the 
tape line in opposite direction as shown in figure-5.88. Such a 
tapeline is used as connecting wires to industrial appliances 

where additional inductance is required for supply of current. 

" 
Figure 5.88 
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Solution 

The current per unit length in the width of the sheets of tape 
line is Ilb due to which each sheet of the line produces a 
magnetic induction between the sheets which is given as 

B= ½µ,(£) 
In between the sheets ofline the.total magnetic induction due 
to both the sheets is given as 

. µof 
B=-

b 
The magnetic flux passing through the region between the two 
sheets of tape line oflength I is given as 

<i>= µof /h 
b 

! = µo /h 
I b 

If self inductance of the tape line is L then we have 

L=f=µ"lh 
I b 

Selfinductance per unit length of the line is given as 

L µoh 
T = ,;-

# Illustrative Example 5.27 

Calculate the inductance of a toroid whose inside radius is 
equal to band cross-section has the form of a small square of 
side a. The solenoid winding consists of N turns. The space 
inside the solenoid is filled with uniform paramagnetic material 
having relative permeabilit µ,. 

Solution 

If we consider an elemental ring ofradius r and width dr as 
shown in the figure-5.89. The number of turns per unit length 
in this ring shaped element is given as 

N 
n=-

21tr 

Figure 5.89 

ElectrOm89netic il'lduc~n,,:and ':AitOOl-ating].~TT~ij 

The magnetic induction inside the elemental toroid is given as 

B = µ µ.nJ = µ,µ,NJ 
r u-· 21tr 

The magnetic flux through a cross section of the elemental ring 
s~aped toroid is given as 

d/o= µ,µoNI xadr 
'I' 21tr 

Magnetic flux linked with all N turns of the toroid in the 
elemental ring shaped element is given as 

Nd<p = µ,µo N2 Ia dr 
21t r 

Total magnetic flux linked with the given toroid is given as 

<j,= fd<I> = µ,µo ·N2Iafb+a dr 
21t b r 

Self inductance of the toroid is given as 

L=! 
I 

• 
L= µ,µo N2a1n(b+a) 

21t a 

# Illustrative Example 5.28 

An iron core is inserted into a solenoid 0.5m long with 400 turns 
per unit length. The area of cross-section of the solenoid is 
0.00lm2. (a) Find the relative permeability of the core when a 
current of 5A flows through the solenoid winding. Under these 
conditions, the magnetic flux through the cross-section of the 
solenoid is 1.6 x J0·3Wb. (b) Find the inductance of the solenoid 
under these conditions. 

Solution 

We know that the magnetic induction on the axis of a solenoid 
is given by 

B=µ(~:)41tni ... (5.60) 

whereµ is the permeability of the medium. 

(a) . As magnetic flux <j,= BA we use B = <!>'A which gives 

B= l.6xl0_, = 1.6T 
10-3 

Substituting the values in equation-(5.60), we get 

J.6 = µ(HJ-7) X 41t X 400 X 5 

µ;,;637. 
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(b) Total number of turns in the solenoid are given as 

N=n x 1=400 x 0.5 =200 

Total magnetic flux linked to the solenoid is given as 

=> 

<Pr= Nx ~= 200 x 1.6 x 10-3 = 0.32 Wb 

N~ 0.35 
L= -,-. = -

5
- =0.064H=64mH. 

5.4 Growth of Current in an Inductor 

In previous articles we've discussed that an inductor behaves 

like an equivalent battery when current through it changes. 
Due to the selfinduction of an inductor it opposes the change 
in current in itselfand depending upon the value of coefficient 

of self induction of the inductor the opposition to change in 
external current is different. In next article we will discuss and 
analyze the growth of current in an inductor when it is connected 
across a battery. 

5.4.1 Growth of Current in an Inductor Connected Across a 
Battery 

Figure-5.90(a) shows an inductor ofselfinduction coefficient£ 
is connected across an ideal battery of emf E. When the switch 
is closed a current starts growing in circuit which is opposed 
by the induced EMF in inductor as shown in figure-5.90(b). 

A 

+I 
'E 

A + 

L 

(a) 

L 

+ -
E 

(b) 
Figure 5.90 

B 

,. 
s 

d' 
e,rn""'L-l.. 

dt 
B 

In figure-5.90(b) we can see that the inductor is connected across 
the battery so potential difference of battery is always equal to 

the induced EMF across the inductor. If at time I= 0 switch is 
closed and current in circuit at time I= tis i then we have 

E= L di 
dt 

=> 

=> 

=> 

=> 

=> 

Ldi=Edt 

i ' 

f Ldi = fEdt 
0 

Li=Et 

. Et 
i=-

L "' (5.61) 

Above expression in equation-(5.61) shows that current in circuit 
linearly grows with time and variation curve is shown in 
figure-5. 91. 

Figure 5.91 

5.4.2 Growth of Current in RL Circuit across a battery 

Figure-5.92 shows a circuit with an inductor of inductance L 
connected in series with a resistor of resistance R across a 
battery of EMF E. In this circuit when the switch is closed at 

t = 0, a current starts flowing and if at t = t current flowing in 
circuit is considered to be i. 

R 

+ -
E 

+ 

Figure S.92 

L 

We write KVL equation for the above loop as 

+E-iR-Ldi =O 
dt 

di E-iR 
-=--
dt L 

=> 

=> 
' di 'dt 
JE-iR=JL 
0 0 

I . I 
--[ln(E-iR)]'= -[1]' 

R o L o 
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=:, 

R 
[ln(E-iR)-ln(E)]=- L [t-0] 

(
E-iR) Rt In -- =--

E L 

E-iR ...!!!. 
--=e L 

E 

E ( _!!'.J i= R 1-e L 

Here is= EIR is the steady state current of RL circuit. 

... (5.62) 

... (5.63) 

Expression in equation-(5.62) shows that the current in circuit 
grows exponentially and the variation curve for the growth of 
current in RL circuit is shown in figure-5.93. 

I·, - ER -----------------------:::::-:::==~----------

0 

El-omagneti3 _Induction and Alternating Cu!f".i!J 

From equation-(5.64) we can state that time constant ofa RL 
circuit is that time duration in which current in RL circuit grows 
to 63% ofthesteadystatevalue. Ifinequation-(5.62)weanalyze 
the current after five times the time constant then we have 

=:, 

E 
i= -(l-e-5) 

R 

E 
i=0993-. R ... (5.65) 

From equation-(5.65) it can be seen that in duration equal to 
five times of time constant current attains 99 .3% of steady state 
value and remaining 0.7% will be achieved theoreticallyin infinite 
time which can be ignored practically. Thus for analysis of RL 
circuits we consider that in approximately five times the time 
constant duration steady state arrives practically so transient 
period of growth of current in a RL circuit is approximately 
equal to SL/ R. The growth of current is shown in the plot of 
current vs time in figure-5.94. In the below graph transient period 
and steady state are also mentioned. 

is ----------------------=~;:;;;:~=== 0.991
5 

----------------------------

0.63i,f--~(" 

t=t=LIR t=5t 

Figure 5.93 Figure 5.94 

5.4.3 Time Constant ofRL Circnit 

From equation-(5.62) we can analyze that current in RL circuit 
approaches to steady value is = EIR when t ~ oo and 
theoretically it takes very long time. In above equation-(5.62) 
we analyze the circuit current at time t = ~ = LIR which is called 
'Time Constant' of RL circuit. Using this time I= LIR in 
equation-(5.62) we get· 

=:, 

=:, 

E 
i= -(l-e-1) 

R 

E 
i = R (1-0.37) 

5.4.4 Instantaneous Behaviour of an Inductor 

We've already discussed that at an instant inductor behaves 
like a battery ofEMF L(dildt) when current through it changes 
at a rate dildt. From equation-(5.64) we can analysis the EMF 
across the inductor at an instant of time t which is given as 

=:, 
...!!!. 

e= -Ee L ... (5.66) 

From equation-(5.64) we can see that at t= 0 currenti= 0 and 
from equation-(5.62) at t = 0 the EMF induced in inductor is 
e = -E that means the EMF in inductor is in opposition to battery 
EMF and it is equal so current in circuit is zero at t = 0. 

In other words we can state that just after closing the switch at 
t = 0 inductor in circuit behaves like open circuit through which 
no current can pass as shown in figure-5.95(a).After a long time 
when steady state is arrived we know that current becomes EIR E 

i=0.63 R · · · (S.64) and becomes steady due to which EMF induced in the inductor 
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becomes zero so we can state that in steady state an inductor 
behaves like a straight wire or short circuit as shown in 
figure-5.95(b). 

At t=O+ ~ .... ~en cir~ 
A B A B 

(a) 

L 
At t= oo ~ + short circuit 

A B 

(b) 

Figure 5.95 

5.4.5 Transient Analysis of Advance RL Circuits 

We've already discussed in the topic of capacitance that in 
case of a circuit if multiple resistors and batteries are present in 
a circuit then across the capacitor we can replace the remaining 
circuit by Thevenin's equivalent circuit and then we can use 
the results derived for simple RC circuit. In the same way for RL 

circuits also if multiple resistances and batteries are present 
then we can replace the circuit across inductor by a single 
equivalent battery and its internal resistance and use the results 
of simple RL circuit. Will analyze such cases in upcoming 
illustrations. 

# lllustrative Example 5.29 

A solenoid has an inductance of I OH and a resistance ofZf.l. It 
is connected to a I OV battery. How long will it take for the 
magnetic energy to reach one fourth ofits maximum value? 

Solution 

(a) TheL-R circuit is shown in figure-5.96 Let at a time instant I, 
after shorting of switch, current through the circuit is i. 

L R 

V K 

Figure S.96 

For the given loop of circuit current as a function of time is 
given as 

... (S.67) 

Where i0 = V/R is the maximum current in circuit The magnetic 
energy stored in inductor is given as 

I L.2 U=- , 
z 

. .. ··--·-··· ··------;-! 
·---· ·-· ~ ____ _;;.1.,,~1"-'1

• 

Given that at an instant the magnetic energy attains one fourth 
of the maximum gives 

.!_ Li2 = .!. (.!_ Li5) 
Z 4 Z 

=> 
. i0 V ,=-=-z ZR 

Substituting the values in equation-(5.67), we get 

V V 
- = -(1- e-2"1") or 0.5 = 1-e-0·21 

ZR R 

or e-0,21 = 0.5 which gives t= 3.478 s 

# Illustrative Example 5.30 

Calculate the time constant , of a straight solenoid of 
length I having a single layer winding of copper wire whose 
total mass is equal to m. The cross-sectional diameter of the 
solenoid is assumed to be considerably less than its length. 
Take resistivity of copper to be p and density is equal to o. 

Solution 

Time constant of LR circuit is given as 

L 
't= -

R 

Inductance of a solenoid is given as 

µ,N'A µ0N2 2 
L=---=--X1tr 

l I 

If /0 is the total length of wire making the solenoid then we can 
rewrite above expression as 

µo (Z7tNr)2 µo 15 
L= 41t / = 41t I 

The resistance of the wire is given as 

=> 

=> 

=> 

=> 

_ P1o _ p/5 _ p/5 _ p/5 
R- A - A/

0 
- V - (m/o) 

iip/5 
R=­

m 

mR 
[2=-
0 crp 

µ0 mR 
L=---

41t crp/ 

L µ0m 
-c=-=--

R 41top/ 
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# Illustrative Example 5.31 

A battery of EMF E and of negligib~ internal resistance is 
connected in an LR circnit as shown in fignre-97. The inductor 
has a piece of soft iron inside it. When steady state is reached 

the piece of soft iron is abruptly pulled out suddenly so that 
the inductance of the inductor decreases to 11L with 11 < I with 
battery remaining connected. Find: 

(a) Current as a function of time ifatt= 0 is the instant when 
the soft iron piece is pulied out. 

(b) The work done in pulling out the piece. 

(c) Thermal power generated in the circuit as a function of 
time. 

(d) Power supplied by the battery as a function of time. 

L 

Solution 

' 
'E 

Figure 5.97 

R 

(a) At t = 0, steady state current in the circuit is i
0 

= EIR. 
Suddenly L reduces to nL (11 <!),so to keep the flux constant, 

. E 
the current in the circuit at time t = 0 will increase to !!1. = -R . 

II n 
If i be the current at time tin circuit as shown in figure-5.98 
then by using Kirchhoff's law in the loop we have, 

(
di) . E-nL dt -1R=0 

=> 
di I 

--=-dt 
E-iR nL 

nL R 

,. 
'i; 

Figure 5.98 

Integrating the above expression, gives 

i d" I I J -'. =-Jdt 
iolnE-iR nLO 

i= E _ E(1 _ _!.)e-RtlnL 
R R 11 

(b) Work done in pulling out the piece is given as 

I .2 I .2 W= U- U.= -L1,1 --L.,-
f I 2 2 11 

=> 1 ( E )
2 

J (E)2 

W= -(11L) - --(L) -
2 11R 2 R 

=> 

=> 

(c) Thermal power generated in the circuit as a function of 
time is given as 

p =i2R I 

Here, i the time function ofcurrent obtained in part (a). 

(d) Power supplied by the battery as a function of time is, 

P2 =Ei 

Here, i the time function ofcurrent obtained in part (a). 

# Illustrative Example 5.32 

A thin wire ring ofradius a and resistance r is located inside a 
long solenoid so that their axes coincide. The length of the 
solenoid is equal to I its cross-section radius to b. At a certain 
moment, the solenoid was connected to a source of constant 
voltage V. The total resistance of the circuit is equal to R. 
Assuming the inductance of the ring to be negligible, find the 
maximum value of the radial furce acting perunit length of the 
ring. 

Solution 

V 

Figure S.99 

Ring 

The inductance L of the solenoid is given as 

µ0N2 A µ0 (11/)
2(1tb2

) 
L= -

1
-= I µ0 112 7tb2 / •.• (5.68) 
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The current throngh the solenoid varies with time as 

. V (I -Rt IL) ,= - -e 
R 

Magnetic induction inside the solenoid varies with time as 

B=µ0ni 

Magnetic flux passing through the ring is given as 

=> 

<i>=Bna2 

<!>=µ0nina2 

<i>= µonV1<a
2 

(1-e-Rt/L) 

R 
EMF induced in the ring is given as 

=> 

- _<{p_ 
e- dt 

2 
µonV1ta -Rt/L e=~---e 

L 

Current induced in the ring is given as 

. e µonV1ta2 ~Rt!L 
z = -= e 
R r rL 

Radial force per unit length on the ring circnmference is given 
as 

=> 

=> ... (5.69) 

Substituting the valne of L from equation-(5.68) to 

equation-(5.69), we get 

µoa2V2 
F, = rRb2I e-RuL(I - e-RtlL) ... (5.70) 

In above equation we can see that at I= O,F, = 0 andalsoF, =O 
at t= oo. Thus at some intermediate time value of radial force 

per unit length is maximum for this we differentiate F, with 

respect to time t and equate it to zero which gives the time at 

which this occurs and it is obtained as 

e-Rt/L= 1/2 

Thus maximum·value of Fris given as 

µ a2v2 
F = o " 

""" 4rR/b· 

1591 

# Illustrative Example 5.33 

A section of an electrical circuit XY is shown in figure-5.100 
which carries a current of SA which is decreasing at the rate of 

IOA/s. Find the potential difference VY- Vx. 

IQ 15V 0.5H 
<>,----/---1~ 

Solution 

Figure S.100 

di 
e=L­
• dt 

In the above circuit section as current is decreasing with time, 
the polarity of self induced EMF is shown in figure-5.10 L In 
this branch of circuit we write equation of potential drop from 

point x toy which is given as 

=> 

=> 

. di 
V-1R+E+L-=V 

X d( y 

V,-5 x I+ 15+0.5 x 10= V,, 
V-V=ISV y X 

IQ 15V O.SH 
o----jj,i-,-~/---1~ 

Figure 5.101 

# lllustrative Example 5.34 

Figure-5.102 shows aRL circuit. !fat t= 0 switch is closed, find 

the current in the inductor as a function of time. 

R 

R 
E 

B 

2R 

Figure 5.102 

Solution 

In the above circuit, we can remove inductor and calculate the 
Thevenin's equivalontbattery across the terminals A and Bas 
shown in figure-5.103. The internal resistance across terminals 
A and B can be calculated by shorting the battery which gives 

R SR 
r=2R+-=-

2 2 
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E 

,, "vs , 

A""'~~,, ~ _..._u __ '•• 

R 

2R 

Figure 5.103 

A 

B 

Due to removal ofinductor right loop of circuit is now open and 
a current flows in the left loop which is given as 

. E ,= 2R 

The open circuit potential difference across terminals A andB is 

given as 

E 
VAB=iR=z 

Electroma~netlg.f nduction and.Alterna!inJlfl'turr~ 

absorbed by the battery and chemical energy of battery 

increases. Similarly in above case the EMF absorbs the power 

from the current flowing into it. As with current magnetic field 

increases in the inductor, the energy of magnetic field also 

increases. At any instant ohime I the power absorbed by the 

inductor is given as 

(L di). P=ei= dt z 

In time dt, energy absorbed by the inductor is 

dU=Pdt 

dU=Lidi 

... (5.71) 

When current in inductor increases from O to /, total energy 

absorbed upto this instant by the inductor is given as 

I 

U= fdU= f Lidi 
0 

Thus the reduced circuit for the given circuit is shown in 
figure-5.104. This circuit is now reduced to simple RL circuit ~ 

and in this case the current as a function of time can be given as 
[ 

,2 ]' 
U= L '2 o 

·= (E/2) (1-e ;~) 1 
(5R/2) 

. E ( _;Ji!.) 
i= 5R 1-e 2L 

E 

2 

5R 

2 

Figure 5.104 

A 

L 

B 

5.5 Energy Stored in an Inductor 

When current grows in an inductor then the EMF induced across 
its terminals opposes the current flowing into it and the high 

potential of induced EMF is at that end of inductor from which 
the current is entering into it as shown in figure-5.105 and the 
inductor behaves like a battery as shown. 

/with time L ~· 
Figure S.10S 

f A +1 

E=di 
dt 

B 

In the chapter of current electricity we've studied if current 

enters into a battery from its high potential end then power is 

.•. (5.72) 

Above expression of energy stored in an inductor carrying a 

current/ as given in equation-(5. 72) is a standard result which 

can be used in different cases. Whenever in a given physical 

situation an inductor carrying a current I is given that means 

when this current was grown to I in the inductor that time this 
' energy was stored by the inductor and it is maintained along 

with the current in it. This energy is actually stored in inductor 

in form offield energy of magnetic field within the volume of 

inductor which is an energy similar to the field energy of electric 

field we studied in the chapter of electrostatics. In next section 

same will be discussed in detail. 

5.5.1 Magnetic Field Energy Density 

In the chapter of electrostatics we discussed that in whole region 

wherever electric field is present there exist electric field energy 

of which the volume density is given as 

I 
U = - E i,2 J/m3 

' 2 It" 

Similarly in region of magnetic field also there exist magnetic 

field energy which we've already discussed in article-4.10. The 

volume density of magnetic field energy in space is given as 

B' 
u =-J/m3 

m 2µ, ... (5.73) 

Study Physics Galaxy with www.puucho.com

www.puucho.com



ffleciiOmaQMtlc" 'i_nduct_ion _arlCi"A1tern8ting cul'rent 

5.5.2 Field Energy Stored in a Current Carrying Inductor 

In an inductor of length I, cross sectional area S with N turns 
carrying a current I, the magnetic induction inside is given as 

Total magnetic energy stored in the volume of inductor is given 
as 

=> . 

=> 

=> 

U=u xS/ m 

B' 
U=-xS/ 

2µ, 

U= SI (µ,NI)' 
2µ0 I 

U= ½(µ,~'S}, 
U=I_Ll, ' 

2 
... (5.74) 

Above eqnation-(5. 74) is same as equation-(5.72) which verifies 
that the energy absorbed by the inductor during the time its 
current grows is stored in form of magnetic field energy in the 
volume of inductor. 

When an inductor in which a· current I0 is flowing and it is 
suddenly cut from the circuit then the energy stored in it does 
not dissipate immediately as under ideal conditions it is 
considered to remain intact by magnetic polarization of molecules 
in the volume of inductor. This phenomenon of retention of 
magnetic field is called hysteresis about which we will discnss 
in magnetic properties of material later in this chapter. Snch an 
isolated inductor which contains magnetic energy is called 
'Active Inductor' which is indicated by the direction of last 
current flowing in it as shown in figure-5.106. In this figure 'dot' 
at one end ofthe inductor indicates the end which behaves like 
its north pole. This dot convention is used because on paper in 
two dimensional picture of inductor it is difficult to show the 
actual direction of current by which the magnetic field direction 
can be determined. Like in the below figure magnetic field inside 
solenoid exist from left to right. 

Figure 5.106 

# ntustrative Example 5.35 

A solenoid ofresistance 500 and inductance 80Hare connected 
to a 200Vbattery. How long will it take for the current to reach 

. -····-···-----. -16-1-l 

50% ofits final equilibrium value? Calculate the maximum energy 
stored in inductor. 

Solution 

The current i in RL circuit is given as 

. E (l -Rt/L) 1= - -e 
R 

When t --, oo the final steady state or equilibrium value of 
current is given as 

E 
i =-
0 R 

If the current has halfofthis value at time t0 then we have 

I_ E = E (l-e-RtolL) 
2R R 

1 _ = (1 _ e-Rto'L) 
2 => 

=> 
l l 

e-RtotL = 1-- = -
2 2 

=> 

=> 
L 

t=-ln(2) 
o R 

80 
=> t

0 
= SQ X 0.693 = l.104S 

The maximum energy stored in inductor is given as 

1 2 l (200)
2 

E = -Li = -xSOx - =640J 
""" 2 .o 2 50 

# Illustrative Example 5.36 

The current in a coil of self inductance 2.0H is increasing 
according to I= 2sin(i') ampere. Find the amount of energy 
spend during the period when the current changes from zero 

to2A. 

Solution 

The energy stored in a coil of self inductance L when the current 
changes by 2A is given as 

1 1 E= - LI2= - x (2.0) x (2)2=4J 
2 2 

This is equal to the amount of energy spent by the source 
which is supplying the current. 
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#Illustrative Example 5.37 

Find the magnetic field energy in a cubical region of edge 'a' 
above a large current carrying sheet carrying a uniform linear 
current density I Alm. 

-
...-1 

........... I 

l 
,- _____ ],- I 

' ' ' ' ' ' ' I 
a I -----+B 

' ,, ,, W/. 
a 

Figure 5,107 

Solution 

Magnetic induction due to a large current sheet in its 
surrounding is given as 

I 
B= -µ01 

2 

Magnetic field energy density is in space is given as 

s2 (½µof J t 
2 u= - = = -µof J/m3 

2µ 0 2µ 0 8 

Field energy in cubical region is given as 

I J 2 
U=4xa3= -µ0a I 

8 

# Illustrative Example 5.38 

What inductance would be needed to store 1.0 kWh of energy 
in a coil carrying a 200A current. 

Solution 

Magnetic energy stored in an inductor of inductance L and 
carrying a current i is given as 

U= }_LI, 
2 

2U 
L=-

;2 

2(3.6x!06
) 

L= -'----'- 180H 
(200)2 

Electro_m~g~eti9 Jnduitian and Alternating Current l 

5.6 Decay of Current in RL Circuit 

Figure-5.108 shows an active inductor carrying a current I0 is 
connected to a resistor of resistance R via a switch S. As already 
discussed in previous article that I0 was the last current flowing 
through the inductor when it was disconnected from a circuit, 
The magnetic flux through the inductor that time was ~ = LJ0 • 

Because of hysteresis (also called magnetic inertia which we 
will study in article-5.9.17), the magnetic flux through_ a coil or · 
inductor cannot change suddenly so if this active inductor is 
again connected in a circuit, the total flux linked in the circuit 
remain same. In figure below when switch is closed then 
immediately after closing the switch current through this 
inductor will be IO to keep the magnetic flux same. 

A 

L 

R 

(a) 

L 

B 

+ 
A B 

(_0 
R 
(b) 

Figure 5.108 

s 

Due to current heat started dissipating in the resistor and the 
energy for this comes from the magnetic energy in inducto~ so 
current through the inductor gradually decreases and an EMF 
is induced across inductor with high and low potential terminals 
as shown in above figure. As current is decreasing for the 
inductor and resistor in parallel we can write 

di 
-L- =iR 

dt 

di R 
- =--dt 
i L 

In this situation when the switch was closed at t= 0 the current 
in inductor was J0 which decreases with time. If after some time 
at t = t current in circuit is i then integrating above expression 
from t = 0 to t, we have 

; di R 1 

J-:-=--fdt 
Io z Lo 

- -R 
[ln(i ii;, = T [tJ~ 
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R 
[ln(i)-ln(I0)]=-L[t-0] 

1n(;J=-~ 
" i=l el 

0 ... (5.75) 

Expression in equation-(5.75) gives the current in RL circuit 

during its decay. Figure-5.109 shows the variation of decay 
current in inductor with time. We can also see that in one time 

constant current drops to 37% of the initial value. Substituting 
t= LIR in above equation-(5.75), we have 

. I, ,=­
e 

. I, 
l = 2.718 = 0.37 Io 

Figure 5,109 

... (5.76) 

As current decays exponentially, after a long time in steady 
state current becomes zero and in this period whole of the 
magnetic energy stored in inductor is dissipated as heat which 
can also be verified by calculating the heat dissipation in 
resistor. Using expression ofcurrent in equation-(5. 75), we can 

write the thermal power produced in resistor R is given as 

p =i2R 
th 

'" 2 -
P,h=I,Re L ... (5.77) 

Heat dissipated in resistor during an elemental time dt is given 
as 

dH=P.,_dt 

'" dH= I;Re-L dt 

To calculate the total heat dissipated in resistance we integrate 
the above expression from t = 0 to I-* oo as theoretically it takes 
infinite time after which current will drop to zero. 

00 2Rt 

H=f dH=fitRe-Tdt 

H= I;R(-
2
~)[e-'t'I 

H= _.!_LI;[0-1] 
2 

I , 
H= ZLI' ... (5.78) 

Equation-(5. 78) is the total magnetic energy initially stored in 

the inductor before closing the switch. This verifies that all the 

magnetic energy of inductor is dissipated as heat in resistor 
during the time current decays. 

# Il/11strative Example 5.39 

A thin charged ring of radius a= 10cm rotates about its axis 
with an angular velocity ro = I 00 rad/s. Find the ratio of volume 
energy densities of magnet and electric field on the axis of the 
ring a point removed from its centre by a distance I= a. 

Solution 

We know the magnetic field at Pa distance I from the centre 0 
of the coil on the axis 

µ /a2 
B= o 

Z1t(/2 +a2)312 

Current due to revolving charge is given as 

I= qro 
21t 

B= 
µo qroa2 

41t (12 + a2 )312 

Energy density of magnetic field is given as 

B2 
u =~ 

M 2µ0 

The electric field strength at an axial point is given as 

E= I qi 
41tEo (/2 + a2i312 

The energy density of the electric field is given as 

I 2 
u =-EE 

E 2 

Ratio of energy densities of magnetic and electric field are 
given as 

=I.IX 10-15 
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# Illustrative Example 5.40 

A I OH inductor carries a current of20A. How much ice at 0°C 
could be melted by the energy stored in the magnetic field of 
the inductor? Latent heat ofice is 22.6 x 103 J/kg. 

Solution 

Energy stored in inductor is given as 

I .2 U=-LI 
2 

This energy is completely used in melting the ice. If L1is the 
latent heat of fusion, we use 

=> 

.!.i;2 =mL 
2 'J 

Substituting the values we get 

(10)(20)2 

m= 2(2.26xl03) 0.88kg 

# Illustrative Example 5.41 

A coil of inductance L = 2.0 µH and resistance R = I .On is 
connected to a source ofconstant e.m.f. E= 3.0V. A resistance 
R0 = 2.0Q is connected in parallel with the coil. Find the amount 
• ofheat generated in the coil after the switch Sw is disconnected. 
The internal resistance of the source is negligible. 

1, L R 

Sw E 

Figure 5.110 

Solution 

When the switch is disconnected the decay ofcurrent I
0 

starts 
where /0 is the steady state current in the inductor. KVL 
equation for the loop in which current decays at an instant 
when a current/ exist in loop is given as 

di 
IR +IR=-L-

o dt 

=> 

=> 
I I 

J'll = fRo+R dt 
Io I o L 

Solving the above integration gives 

I= Ioe-(R+fi-O)tl L 

Heat generated in time dt is given as 

dQ=f'-Rdt 

® 

=> Q= f dQ = f 12 
Rdt 

0 

- 12R L LE2 

=> Q- o 2(Ro +R) 2R(R+Ro) 

Substituting the values we get 

Q=3 X Jo--<'J=3µJ 

[As!Jl =E] 

Alternative way : Above result can be directly obtained as on 
disconnecting the switch current decays in resistance R and 
R0 in series combination so the total heat produced is divided 
in same ratio of the two resistances which is equal to the energy 
stored in the inductor in steady state. Thus the heat generated 
in the coil can be given as 

H=!..U'x_R_ 
2 ° R+R, 

# Illustrative Example 5.42 

In circuit shown in figure-5.111, find the current through battery 
just after closing the switch and after a long time in steady 
state. 

R L 

R R 

Figure 5.111 

Solutio11 

Just after closing the switch inductor behaves like open circuit 
so the circuit just after closing the switch is shown in figure-5.112 
below. 
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R 

R 

Figure 5.112 

R 

The current only flows in the left loop as shown which is given 
as 

i =J_ 
B 2R 

In steady state after a long time the inductor behaves like a 
straight wire thus equivalent circuit in steady state is shown in 
figure-5.113 below. The two resistances on the right side can be 
considered in parallel and thus across the battery equivalent 
resistance will be R + R/2 = 3R/2. 

R 

R JI 

Figure 5.113 

;_ ... ·----~.ITT 
current through R3 will be zero and current through R

I 
is given 

as 

E 
I=---

1 R1 +R2 

50 5 
I,=10+20=3A 

(b) After a long time of closing the switch, resistance offered 
by inductor will be zero as in steady state it behaves like short 
circuit. In that case R2 and R

3 
are in parallel, and the resultant 

of these two is then in series with R
1 
thus equivalent resistance 

across the battery in steady state is given as 

R =R + R2R, = 10+ (20)(30) =22Q 
net I R +R 20+30 , 2 3 

Current through the battery is given as 

E 50 
1=-=-A 

2 R.et 22 

This current will distribute in R2 and R3 in inverse ratio of 
resistance so current through R2 is given as 

The current flowing through battery in steady state is given as' =:, 

. s 2s 
l =--=-
B 3R/2 3R 

# Illustrative Example 5.43 

For the circuit shown in figure-5.114. E = 50V, R1 = IOQ, 
R2 = 20n, R3 = 30Q and L = 2.0tnH. Find the current through R 1 
andR2• 

(a) Immediately after switch Sis closed 

(b) A long time after Sis closed 

(c) Immediately after Sis reopened 

(d) A long time after Sis reopened 

j,, J 
Figure 5.114 

Solution 

(a) Resistance offered by inductor immediately after switch is 
closed will be infinite as _it behaves like open circuit. Therefore, 

( c) Immediately after switch is reopened, the current through 
R I will become zero. 

But current through R2 will be equal to the steady state current 
through R3, which is given as 

1 = (
50 

-
15

J=0.91A 3 22 11 

(d) A long after Sis reopened, current through all resistors 
will become zero. 

# Illustrative Example 5.44 

In the circuit shown in figure-I 15, find the current in inductor as 
a function of time if switch is closed at t= 0. 

6n ,20V 

' 
3n 

A 'iS 

!izH 
B 

4n 
Figure S.115 
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Solution 

In above given circuit we remove the inductor and across 

terminals A and B we reduce the circuit by its Thevenin's 

equivalent battery as explained in figures-5.116 below. 

~-....:ii60i\---,--+--1'20V 
' 

m 

A 

t2V 

5.40 

Figure 5.116 

40 

A 

2H 

B 

Internal resistance of circuit across A & B is given as 

6x4 
r=3+-- =5.4!1 

6+4 

Open circuit potential difference across A & B is given as 

_" _ _E_~""!'omagnetic lndugyon llnd'.Altematlng_'.~ 

Solution 

For decayofcurrent in an inductor in LR circuit current is given 

as 

i=Le-RJJL 
0 

In above situation time constant of circuit is given as 

T=LIR 

i = 1 e-1h; 
0 

Given that at t = t, i = tj/0 which gives 

nl = 1 e-d, 
'IO 0 

t 
T=---

ln(I/ ri) 

I Web Re.feieaj, atwww p!zysics~ com 
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Section-}1lignetlcEffects ' 

, Topic - Self & Mutual Inductance 
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Practice Exercise 5.3 

(i) Find the self inductance of a unit length of a cable 
VA - V

8 
= 12V consisting of two thin walled coaxial metallic cylinders if the 

radius of the outside cylin~er is ri ( ri > 1) times that of the . 
Growth of current in LR circuit can be directly given by the inside one. The permeability of the medium between the 

relation of simple LR circuit as cylinders is assumed to be equal to unity. 

• 8 (l -Rt/L) [ µ, ln(l])] ,=- -e 21t 
R 

I ·12 ( _S.41) 
i,=c S.4 1-e 

2 I 
i=2.22(1-e-27~A. 

# Illustrative Example 5.45 

In a process of current decay in an inductor through a resistance, 

ifin time t, current fulls to ri times ( ri < 1) the initial value, find 

the time constant of circuit. 

(it) Find the inductance ofa unit length of a double line if 
the radius of each wire is ri times less than the distance between 
the axes of'the wires. The field inside the wires is to be 
neglected, the permeability is assumed to be equal to unity 

throughout, and ri >> 1. 

(iii) In the circuit shown in figure-5.117, find potential of point 
C at the instant shown. The rate of increase of current in 

resistance is 2.5A/s. 
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C 

2H 

+ 

;, 

IOV 

A i
1
=IA i2 =0.6A B 

IOV l0Q D - 4H + 40V 

Figure 5.117 

[- 15V] 

(iv) A long cylinder ofradius a carrying a uniform surface 

charge rotates about its axis with an angular velocity co. Find 
the magnetic field energy per nnit length of the cylinderinside 

of it if the linear charge density equals ).. and consider 

permeability of the medium is equal to nnity. 

µ t..2ola1 
[ 0 J 

B• 

(v) A long coaxial cable consists of two concentric cylinders 
of radii a and b. The central conductor of the cable carries a 
steady current i and the outer conductor provides the return 
path of the current. Calculate the energy stored in the magnetic 

field oflength I of such a cable 

[ µ,i'I In(~) ] 
4• a 

(w") In a branch of an electrical circuit shown in 
figure-5.118, R = IOQ, L= 5H, E = 20V, i = 2A. This current is 

decreasing at a rate of l .OA/s. Find Vab at this instant. 

~~~!-111 omooioomoo&110ioo!Oo0loor.·---if,__-~b 
Figure 5.118 

[35V] 

(vii) The potential difference across a 150mH inductor as a 
function of time is shown in figure-5.119. Assume that the 

initial value of the current in the inductor is zero. What is the 
current when (a) /=2.0ms (b) /=4.0ms? 

V(volt) 

5.0 ~t---+-+¾-+-:c'I 
4.0 P,.:t--+--!,'c..+-"11Hi-1 
3.0 f."i-'t---t,,4--+----'1r¼ 

2.0 ~b'r++-+'½ 
1.0 n'l-:"'++--+----'11-c' 

Figure 5.119 

[(a) 3.33 x 10-2 A (b) 6.67 x to·2AJ 

~ms) 

. -- ______ ,_ - - , ,-1614 

(viii) A metal rod OA of mass m and length /is kept rotating 

with a constant angular speed co in a vertical plane about a 

horizontal axis at the end Oas shown in figure-5.120. The free 

end A is arranged to slide without friction along a fixed 
conducting circular ring in the same plane as that of rotation. A 

nniform and constant magnetic induction B is applied 
perpendicular and into the plane of rotation as shown in figure. 
An inductor and an external resistance R are connected through 

a switch S between the point O and a point Con the ring to 
form an electrical circuit. Neglect the resistance of the ring and 

the rod. Initially, the switch is open. 

(a) What is the induced EMF across the terminals of the 

switch? 

(b) The switch Sis closed at time t = 0. Obtain an expression 
for the current as a function of time. In the steady stale, obtain 
the time dependence of the torque reqnired to maintain the 

constant angular speed, given that the rod OA was along the 

positive X-axis at t= 0. 

X 

X 

X 

R 
X X X 

L 

Figure 5.120 

X <8) X 

~ 

B 
X X 

X X 

B 2 8 2 2 
[(a) .!_Br'co (b) ~(l _ e·IWL)· ~ (1 _ e-lWL)] 

2 2R ' 4R 

(ix) A solenoid ofinductanceL with resistance r is connected 
in parallel to a resistanceR. A battery ofEMF E and ofnegligible 
internal resistance is connected across the parallel combination 

as shown in the figure-5.121. 

L,r 

R 

,E, ____ __.,., __ __, 
>------<, r 

Figure 5.121 

(a} Current through the solenoid after the switch is opened at 

t=O. 

(b) Amonnt of heat generated in the solenoid 

E ~R+r} E2L 
[(a)--;' L ; (b) 2r(R+r)J 
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(x) In the circuit diagram shown, initially there is no energy 
in the inductor and the capacitor. The switch is closed at t = 0. 
Find the current/ as a function of time ifR = -JLI C 

R L 

I R C 

V 
s 

Figure 5.122 

(XI") . A closed circuit consists of a source of constant EMF I; 
and a choke coil of inductance L connected in series. The 
active resistance of the whole circuit is equal toR. At the moment 
t= 0, the choke coil inductance was decreased 11 (11 <I) times 
suddenly. Find the current in the circuit as a function oft. 

(:m") In the circuit shown in figure-5.123, switch Sis closed at 
time t= 0. Find the current through the inductor as a function 
of time t. 

I 

[i - 5(1 - .-2000,n)A] 

2V 2Q 

4V 

s 

m 

L=lmH 

Figure S.123 

(xiii) Find the total field energy of magnetic field stored per 
unit length inside a long cylindrical wire of radius Rand carrying 
a current/. 

(xiv) Figure-5.124 shows an active inductor with current /
0 

connected in series with a resistance and a battery. If at t = 0 the 
switch is closed, find the current in inductor as a function of 
time. 

'---

Electromagnetic Induction" andA!temating Current I 
R J:_ 

r--""t,-------:;'+---

s,. 
t=O 

[ .!_ [I; _ (~ -1,Jl)e·IWL]J 
R 

Figure 5.124 

5.7 Mutual Induction 

1, 

It is a property of a pair of co~ils due to which change in current 
in one coil is opposed by the EMF induced in other coil because 
of magnetic flux linkage in the two coils. Figure-5.125 shows 
two coils kept close to each other along same axis. When a 
current i1 flows in coil-I it develops a flux <j,1 of which some 
fraction passes through coil-2 as shown which is linked with it. 
When current in coil-I is changed, the flux due to its current 
which is linked with coil-2 changes and induces an EMF in 
coil-2. This is called 'Mutually Induced EMF' as its due to flux 
change in coil-I. 

I~:}~~~ 
ilt t 1 ·· -- I 

Coil-I Coil-2 

Figure 5.125 

If <j,2 is the magnetic flux linked with coil-2 due to the current i1 
in coil- I then we have 

~ =Mi 'fl I . ... (5.79) 

Where Mis the proportionality constant called 'Coefficient of 
Mutual Induction' which depends upon the dimensions of the 
coil and separation between the two coils. Remember that Mis 
bidirectional coefficient which remains same for a given pair of 
coils.and can be used in calculation of flux linked with either 
coil due to the current in other coil. If <j,12 is the magnetic flux 
linked with coil-I due to a current i2 in coil-2 then we can also 
write 

... (5.80) 

Thus mutually induced EMF in coils will depend upon the rate 
at which the current changes in other coils which are given as 
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and 

The direction of mutually induced EMF in either coil will be. 
such that it opposes the change in current in the other coil. 

5.7.1 Total Flux linked to a Coil with Mutual Induction 

When there is a pair of coils kept fixed at some separation 
having their self induction coefficients £ 1 and £ 2 and mutual 
induction coefficient for the pair M then total magnetic 
flux linked with either coil will be the sum of magnetic flux 
linked with the coil due to both self induction and rnutual 
induction ifboth the coils are connected to closed circuits and 
carry currents. 

Figure-5. 126 shows two coils which carry currents i1 and i2 and 
the direction of their magnetic flux is denoted by the dot at one 
end of the coil according to the dot convention we already 
_discussed in previous article-5.5.2. 

M 

L ....---------.. L 

'.r,\; i ' ' ,,'. -~:t.}·,: ,' ,, ,, -.;t. - ·;,.-- ....... ~:-~.,-,. r,~. 
i1 . ,, 

Coil-I Coil-2 
Figure 5.126 

In figure-5.126 we can see that magnetic flux due to both coils 
are from left to right so the part offlux due to one coil which is 
linked with other coil is in same direction as that of their own 
flux so net flux linked with coil-I and coil-2 are given as 

ij,1 = L1i1 + Mi2 

cj,, = L/2 + Mi1 

... (5.81) 

... (5.82) 

If current in above coils starts changing then EMF induced in 
the two coils are given as 

e = d,j,, =4 di, +Mdi, 
1 dt dt dt 

and e = d,j,2 =L di, +Mdi, 
2 dt 2 dt dt 

Now consider a pair of coils shown in figure-5.127 in which the 
direction of magnetic flux due to the two coils are in opposite 
direction so the net magnetic flux linked with the two coils are 
given as 

</>i=L/1-Mi2 

cp,=L,i2 -Mi1 

... (5.83) 

... (5.84) 

·- --------- -------··c1 
------- _ --· . · .. 16~ 

Coil-I Coil-2 
Figure 5,127 

If current in above.coils starts changing then EMF induced in 
the two coils are given as 

e = d,j,1 =4 di, -Mdi, 
1 dt dt dt 

and e = d,j, 2 =L, di2 _Mdi1 

2 dt dt dt 

For a given pair ofcoils the coefficient of mutual induction is 
used for calculation of magnetic flux through one coil due to 
the current in either coil. This property of mutual induction for 
a pair of coils is called 'Reciprocity Property' of mutual 
induction. 

5. 7 .2 Relation between Coefficients of Self and Mutual 
Induction for a given Pair of Coils 

Figure-5.128 shows a pair of coils with their coefficient of self 
induction £ 1 andL2 and coefficient of mutual induction M The 
relationship between these coefficients is given as 

... (5.85) 

Where k is called 'Couplingfactor' which depends upon the 
orientation of coils and the separation between the two coils. If 
the fraction of magnetic flux produced by one coil which is 
linked with other is high then coupling factor between the two 
coils will be higher. In general O <;, k <;, I for any set ofcoils. If 
there is no flux linkage between the two coils then k = 0 and for 
full flux linkage between the coils k = I. No flux linkage means 
no part of flux ofone coil passes through the other coil. This 
happens when the coils are separated by a very large distance 
as shown in figure-5.129(a) or when the coils are mounted at 
right angle to each other as shown in figure-5. I 29(b) in which 
flux of one coil does not link with turns of other coil. 

(a) 
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(b) 
Figure 5.129 

When coils are wound over each other as shown in figure-5.130 
then complete flux of one coil is linked with the other coil so in 

this case we can consider the valne of k to be equal to unity. 

Figure 5.130 

For partial linkage offlux between the two coils the coefficient 

ofmutnal induction is given byequation-(5.85) with value of k 
between O and I. Students need not think about derivation of 

equation-(5.85) which is considered as a standard empirical 

relation here. 

5.7.3 Inductors in Series Combination 

Electr~ag~etiC-lndUCilon and Alt8!!1ati~~~ 

and' low potential ends across the two coils as shown in 

figure-5.131. Writing KVLeqnation fromA toB in figure-5.131 

we have 

=> 

=> 

VA-( Z, !+M!)-(L, ! +M!) =Va 

di di 
VA-Va=(L,+L2) dt +2M dt 

di 
VA-Va=(L,+L2+2M) dt 

V-V.=L di 
A a "I dt 

... (5.88) 

In above equation-(5.88) the equivalent self inductance of the 

two inductors in series is given as 

... (5.89) 

Case II: When the flux oftbe two inductors are in opposite 
direction 

Figure-5.132 shows two indnctorcoils in series with their flux in 

opposite directions as shown by the dots on the different ends 
of the two coils. If a current/flows through the coils the magnetic 

flux linked with each coil are given as 

There are two ways in which inductors can be connected in ~d 
series combination with their flux in same direction or in opposite 

direction. We will discuss the two ways as different cases one 

~=Li-Ml 

$,_=L,!-Ml 

L, L, 

by one. 

Case I : When flux of the two inductors are in same direction 

Figure-5.131 shows two inductor coils in series with their flux in 
same directions as shown by the dots on the right end of the 

two coils. If a current! flows through the coils the magnetic flux 

linked with each coil are given as 

and 

A I 

~=Li+Ml 

$,_=L,!+Ml 

'---..___/ 
M 

Figure 5.131 

B 

When the flowing current starts increasing at a rate dlldt then 

the induced emfin the two coils are given as 

e = d~, =Z, di +Md/ 
1 dt dt dt 

... (5.86) 

and e = d~, =L, di +Md/ 
2dt dt dt 

... (5.87) 

As current is increasing with time the EMF induced in the two 
coils will oppose the increment in current and have their high 

A B 

'---..___/ 
M 

Figur_e 5,132 

When the flowing current starts increasing at a rate dl/dt then 

the induced emfin the two coils are given as 

e = d~, = T di -Md/ (590'' 
l dt "dt dt ····/ 

and e = d~, =L, di -Md/ 
2 dt dt dt 

... (5.91) 

As current is increasing with time the EMF induced in the two 
coils will oppose the increment'in current and have their high 
and low potential ends across the two coils as shown in 
figure-5.131. Writing KVLequation fromA toB in figure-5.131 

we have 

=> 

=> 

=> 

V -(z, di -Mdl)-(L, di -Md/)= V. 
A dt dt dt dt a 

di di 
VA-Va=(L,+L:i) dt-2M dt 

V -V. =(L +L -2M) di 
A a I 2 dt 

di 
VA-Va= L., dt ... (5.92) 
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In above equation-(5.88) the equivalent self inductance of the 
two inductors in series is given as 

... (5.93) 

5. 7.4 Inductors in Parallel Combination 

There are several ways in which inductors can be connected in 
parallel combination depending upon the orientation of 

inductors but here we will discuss simple combination without 
considering mutual induction between them. 

Figure-5.133 shows the two inductors having self inductances 

L1 andL2 connected in parallel combination. Ifa current i flows 
through the combination and it divides as i

1 
and i 2 in the two 

inductors which are changing with time then for parallel 
combination of inductors we use · 

di, di, 
L,7t =L1dt 

L, 

Figure 5,133 

Integrating the above expression for any time limits when 
currents are i I and i2 in the two inductors, we have 

Equation-(5. 100) gives the formula for calculation of equivalent 
self inductance for the inductors connected in parallel which 
can be generalized to multiple inductors if mutual induction is 

neglected between these inductors. 

# lllustrative Example 5.46 

A coil of 100 turns and !cm radius is kept coaxially within a 
long solenoid of8 turns per cm and 5cm radius. Find the mutual 
inductance. 

Solution 

The magnetic field B inside the solenoid is given as 

B= µonis 

The magnetic flux linked with the coaxial coil placed inside the 

solenoid is given as 

~, =N,BA, = N,(ftr,11,i,)A, 

Where A, is the cross sectional area of coil. 

The mutual inductance between solenoid and coil can be given . 

as 

Substituting the given values, we get 

M = 41tX 10-7x 800 x 100 x 7t x !o-4H 

and 

L1i1 =L,i1 

i1+i2=i 

M=3.15 x I0-5 H ... (5.94) ~ 

... (5.95) 
# lllustrative Example 5.47 

From equation-(5.94) and (5.95) we can calculate the current 

distribution in two parallel inductors at any time which gives 

. L,i 
,,=4+L, .. . (5.96) 

. fsi 
,,=4+L, and ... (5.97) 

From equation-(5.95) we have 

di di, di, -=-+-
dt dt dt 

... (5.98) 

IfL,q is the equivalent se!finduction for the combination then 
for the terminals A and B across the inductors we have 

V =L di=,di'=L,di2 

AB ., dt "I dt dt 

From equation-(5.98) and (5.99) we have 

VAB V AB VAB -=-+-
L,q Li L2 

I I I 
-=-+-
L,. Li L, 

... (5.99) 

... (5.100) 

Calculate the mutual inductance of a long straight wire and a 
rectangular frame with side a and bas shown in figure-5.134 . 
The wire and the frame lie in the same plane, with side b being 

closest to the wire, separated by a distance I from it and oriented 

parallel to it. 

I I-> 1 
~___.l 
;'-----,a----..i 

Figure 5.134 
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Solution 

To calculate the mutual inductance between the wire and the 
frame we supply a current I through the wire and calculate the 
magnetic flux through the frame. For this we consider an 
elemental strip in the frame of width drat a distance r from wire 
as shown in fignre-5.135. The magnetic flux through the 
elemental strip is given as 

I 

(µ,J) d,j,= - bdr 
2rrr 

a+/( /) 
~= J ~ bdr 

I 2,rr 

~= µolb"r dr 
2it I r 

dr 
-->I I+-

-1---_, 
. a 

Figure 5.135 

' 1 

Thus mutual inductance between the two is given as 

M= .P_ = µob1n(1+~J 
I 2,r I 

# lllustrative Example 5.48 

An inductor of inductance L is cut in three equal parts and two 
of these parts are interconnected (a) in series, {b) in parallel. 
Assuming the mutual inductance between the parts to be 
negligible, calculate the inductance of the combination in both 
the cases. 

Solution· 

(a) When the given inductor is cut in identical parts then 
each will have an inductance L/3. When two such coils are 
connected in series then equivalent self inductance of the 
combination is given as 

L L 2L 
L =-+-=-

' 3 3 3 

(b) In parallel combination we use 

1 I I 
-=-+-
LP Li ½ 

I I I 
-=--+--
LP L/3 L/3 

L 

6 

# lllustrative Example 5.49 

Fignre-5.136 shows two coaxial coils of radii r andR (R >> r) 
kept at large separation x (x >> R). Calculate the magnetic flux 
passing through coil A due to a current I in coil B. 

i 
1 

B 

A 

Figure 5,136 

Solution 

If Mis the coefficient of mutual induction between the two coils 
'then magnetic flux through coil A due to current in coil B is 
given as 

... (5.101) 

First we will calculate the mutual induction coefficient between 
the two coils and for this we find the flux through coil B if a 
current/flows in coil A as shown in figure-5.136. 

The magnetic induction at the location of coil B due to current 
in coil A is given as 
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µ0IR2 
B=-~~--

2(x2 + R2 )"2 

The magnetic flux through coil B due to above magnetic 
induction is given as 

<1>,,=B.w2 

µ 1tr2 R2 
<I>,,= 2(3+R2)312 .J 

AB coefficient of mutual inductance is a bidirectional coefficient, 
we can calculate it as 

~. µ01tr2 R2 
M=-=-~---

I . 2(x2 + R2)312 

Above is the mutual inductance coefficient for the pair of these 

coil which can be used in calculation offlux from either coil due 
to current in other coil so from reciprocity property, we have 

µ01rr2 R2 I 
~A =MJB= 2(x2 +R2)3/2 

# Illustrative Example 5.50 

In the electric circuit shown in figure-5.137 an EMF E, a 
resistance R and coils of inductances L1 and L2 are used. The 
internal resistance of the source and the coil resistances are 
negligible. Find the steady state currents in the coils long time 
after the switch Sw was shorted. 

Solution 

L, 

Sw, 

~---<' ~ 
1
E R 

Figure S.137 

In steady state inductors behave like short circuits so the 
current through battery is given as 

E 
I=I+l=-

1 2 R 

I, L, 

I, L, 

Sw,, 
I 
1
E R 

Figure 5.138 

# Illustrative Example 5.51 

Two coaxial circular loops of radii 0.5m and 0.05m are separated 
by a distance 0.5m and carry currents 2A and !A respectively. 
Calculate the mutual inductance for this pair of coils and the 
force between the two coils. 

Solution 

Magnetic field at the location of smaller loop due to larger loop 
is given as 

• 2 
B = µo11'i 

2(x2 + 'i2)312 

Flux through the smaller loop is given as 

~=Bx(1tr/) 

• 2 
µ0111j 2 

~ = 2(x2 + 1j2)312 x 1tr2 

If Mis the coefficient of mutual induction between the pair of 
coils, we use 

(41txl0-7)1rx0.25 x (25 x!0-4) M=~--~---~~-~ 
2(0.25 + 0.25)312 

M=3.5 x 10-"H 

If m is the magnetic moment of the coil then force on this coil is 

As already discussed in article-5. 7.4 that current in inductors given as 

connected in parallel combination is divided in inverse ratio of 

their inductances so we have currents through inductors given 
as 

I= EL, 
I R(£i+L,) 

and 
E£i 

12 R(Li +L,) As 

F ( 2.)dB 
=1tri2 -

dx 

• 2 

B = --'µc-'o'-'11'-''i'c--c= 
Z(x2 + 'i2)312 
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=> 

=> 

=> 

dB µir, 2 3 - = _ ____Q__l__l__ x _ (x2 + r 2)-s12_2x 
Jx 2 2 I 

dB 
-= 
dx 

F= 

2 (x2 +1j2)512 

3 · · 2 2 nµo'1'2'i r2 x 
2 (x2 + 'i2)5l2 

_ -3x2x!x0.5 
3 5 10

_9 F- X . X 
(0.25 + 0.25) 

F=2.l x lo-8N 

# ltlustrative Example 5.52 

There are two stationary loops with mutual inductance M. The 
current in one of the loops starts varying as / 1 = at, where a is 
a constant and tis any time instant starting from I= 0. Find the 
time dependence li(t) of the current in the other loop which 
has self inductance L and resistance R. 

Solution 

The induced EMF in the second loop when the current changes 
in the first loop is given as 

=> 

di, 
e2=Mdt 

e2 =Ma 

For the second loop we use KVL equation which gives 

=> 
R' --Jdt 
Lo 

=> 

5. 8 LC Oscillations 

In article-5.6 we studied that on connecting an active inductor 
across a resistor current in inductor decays and its magnetic 
energy decays in resistor as heat. Figure-5. 139 shows an active 
inductor connected across a capacitor via a switch. In this 
situation when switch is closed (Stage-I) then current flows in 
the loop with initial current 10 and the current charges the 
capacitor due to which electrical energy of capacitor increases 

Electr?m89~~t!~J:rl.4§tion and Altern?ting~tJtt~nt ,J 

which comes fr9m the magnetic energy ofinductor thus current 
in loop decreases with time as capacitor energy increases and 
inductor energy decreases as shown in stage-II. 

;1-
~-~1-0 

C 
Stage-I 

L lwith time 

-q' '1-+_,q ______ _J ~---,, 
C 

Stage-IV 

! 
q J. with time 

L i J, with time 

'------q'-j 1-+_,q ___ ~ 

C qiwithtime 
Stage-II 

Jo 

L --~-Q"'-1!, ,+Q ,,-~-~ 
C 

Stage-III 

i.J,with time L 

C 
Stage-V 

-

;1-
~-~1-0 

C 
Stage-VIII 

L.._ __ +.Cq'-1 ~-q~-,-~ 

C q t with time 
Stage-VI 

! 
i=O 

L --~+Q"'-1•, ,-Q ,,c-=--~ 
C 

Stage-VII 

Figure 5.139 

After sometime capacitor charge increases to maximum when 
current in loop becomes zero and at this instant magnetic energy 
in inductor becomes zero as shown in stage-ill. We can state 
that whole initial magnetic energy of inductor is transformed 
into electrical energy of capacitor thats why its charge is 
maximum. After this instant capacitor starts discharging through 
the inductor for which a current flows in loop in anticlockwise 
direction and current increases and charge on capacitor starts 
decreasing and again electrical energy of capacitor starts 
transforming into magnetic energy of inductor as shown in 
stage-IV. After sometime stage-V comes when whole energy is 
transformed as magnetic and current in ~ductor becomes 10 

again and charge on capacitor becomes zero. After this further 
stages-VI, VII and VIII are self explanatory and finally in 
stage-VIII loop attains the initial state as shown in stage-I. 
With this cycle of oscillation of charge in the loop in above 
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\Electromagnetlc Induction an~{\J!_ernating Current 

explained stages is called 'LC Oscillations'. Under ideal 
conditions resistance of the circuit is considered zero with 
inductor and capacitor are considered ideal, no energy 
dissipation is considered so charge in an inductor and capacitor 
connected in parallel oscillates indefinitely. 

5.8.1 Oscillation Period of LC Oscillations 

As discussed in previous article when an inductor and a 
capacitor with some energy in either of these connected in 
parallel, charge and energy starts oscillating in the loop. At any 
instant if q is the charge on capacitor and i is the current in 
circuit then total energy of circuit can be given as 

2 

E= !L+l.L;' 
2C 2 

... (5.102) 

During oscillations energy periodically transforms from electrical 
to magnetic and then back to electric and vice versa and under 

· - ideal conditions of zero resistance no energy loss take place so 
the above energy of circuit E will remain constant in time. 
Differentiating the above equation-(5.102) gives 

dE 1 dq I di 
- = -(2q)-+-L(2i)- =0 
dt 2C dt2 dt 

_1J_dq +Lid'q =0 
C dt dt' 

d'q +(-'-)q=O 
dt' LC 

... (5.103) 

Above equation-(5. 103) is similar to the basic differential 
equation ofSHM which is for displacement and it is written as 

d'x 
dt' + ro'x =0 ... (5.104) 

This shows that in LC oscillations charge executes SHM of 
which angular frequency can be given by comparing 
equations-(5. 103) and (5. 104) which gives 

1 
(J)= -/LC ... (5.105) 

Thus time period of oscillating charge in LC circuit is given as 

Zit 
T=-

ro 

- ---------1,-75""'1 

the angular frequency of oscillations which is given by 
equation-(5.105) for the case when one capacitor and one 
inductor are connected in parallel. In other cases it can he 
obtained by differentiating energy equation for the given circuit 
and a. is the initial phase of oscillating charge which depends 
upon the initial condition of the circuit when switch is closed. 
Initial phase can also be calculated by the uniform circular 
motion analysis like the way we did it in different illustrations 
while analyzing SHM. This will be further explained with the 
help of illustrations on LC oscillations. 

During oscillations the current in circuit can be given as 

i= dq =q
0

rocos(rol+a.) 
dt 

... (5.108) 

Above equation is similar to the velocityofa particle executing 
SHM thus current in circuit in terms of instantaneous charge 
on capacitor can be given as 

. "~ ,= wy%-q ... (5.IO'J) 

As already discussed that circuit current becomes maximum 
when capacitor charge is zero thus maximum current in circuit is 
related to the maximum charge on capacitor as 

irnax = (J){/o ... (5.110) 

... (5.111) 

Above expression of maximum current can also be obtained by 
conservation of energy. If maximum charge on capacitor is known 
then at the instant charge on capacitor is maximum current in 
circuit is zero as whole energy of circuit is electrical energy in 
capacitor and at the instant of maximum current whole energy is 
transformed into magnetic energy thus by energy conservation 
we have 

qi = l_Li, 
zc 2 = 

T= Zit.fie .. _ (5.106) # Rlustrative Example 5.53 

From equation-(5.103) we've seen that charge on capacitor is 
executing SHM so by the general solution of SHM from 
equation-(5. 103) the charge on capacitor plates as a function of 
time can be given as 

q = qoSin(rot+ a) --- (5.107) 

In above equation q0 is the charge amplitude which is the 
maximum charge on capacitor plates during oscillations, ro is 

A capacitor of capacitance 25µF is charged to 300V. It is then 
connected across a lOmH inductor. The resistance in the circuit 
is negligible. 

(a) Find the frequency of oscillation of the circuit. 

(b) Find the potential difference across capacitor and 
magnitude of circuit current 1.2ms after the inductor and 
capacitor are connected 
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(c) Find the magnetic energy and electric energy at t= 0 and 

t=l.2ms. 

Solution 

(a) The frequency of oscillation of the LC circuit is given as 

J= 21tfic 

Substituting the given values we have 

1 
J--,====== 

- 21t)(lox10-3)(25x!0-6) 

=> J=3183Hz 

(b) Charge across the capacitor at time twill be given as 

q=q0 cosrot 

and i=-%rosinrol 

Given that initial maximum charge on capacitor is 

=> 

q O = cv. = (25 x I o-')(300) 

q.=7.5 x I0-3C 

The charge in the capacitor after time t= 1.2 x 10-3s is given as 

q = (7.5 x 10-3) cos (21tX 318.3)(1.2 x J0-3)C 

=> q =-5.53 x J0-3C 

Potential difference across capacitor is given as 

I q I 5;53x10-3 

V= - = --- =221.2V 
C 25x10-6 

The magnitude ofcurrent in the circuit at t= 1.2 x I 0-3s-is given 

as 

I i I = %OJ sin rot 

=> Ii 1=(7.5 x I0-3)(21t)(318.3) sin[(2n)(318.3)(I.2 x J0-3)]A 

=> lil=I0.13A 

(c) At t= 0 current in the circuit is zero so magnetic energy in 
inductor is also zero and charge in the capacitor is maximum so 
total energy is magnetic energy which is given as 

2 
U=.!_qo 

c 2 C 

I (7.Sx!0-3)2 rJ. = - X ,__ __ "-- J.125J 
C 2 (25xJ0-6) 

Total energy in circuit at any instant which is stored in inductor 

and capacitor is also given as 

Electromagnetic !!15!Uctiorl--itnd Alternating CwtertiJ 

At t= 1.2 ms, we use 

U,= ½Li
2 

=½(!Ox 10-3)(10.13)2 

=> u, =0.513J 

and Uc=E-U,=1.125:..0.513 

=> Uc=0.612J 

Otherwise Uc can be calculated as 

J q2 I (5.53xI0-3)2 
U = -- = -x~----'--

c 2 C 2 (25x10-6) 

=> Uc=0.612J 

# lllustrative Example 5.54 

In circuit shown in figure-5. 140 charge on capacitor is Q= IO0µC. 

If switch is closed at I= 0 find current in circuit when charge on 
capacitor reduces to 50µC. Also find the maximum current in 

circuit. 

6mH 

.________.~ ~ 
s 

SµF 

Figure 5.140 · 

Solution 

At t = 0 when switch is closed capacitor starts discharging 

through the inductor and current in circuit increases. When 
charge on capacitor is q and current in circuit is i by 

conservation of energy we have 

q2 I __ Q2 
-+-Li' 
2C 2 2C 

6mH 

n 
+q .,-q 

111-'------' 
SµF 

Figure 5.141 

,s 

Current in circuit in terms of charge on capacitor is given as 
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10 ... 
~ i= Ji __. .J7500 

3 x!0 

~ i=0.5A 

Maximum energy stored in inductor is given as 

.!..u2 = Q2 
2 max 2L 

Q IOOxlO_. I 
I ----,=== --A """- .fie - -J3x10-8 - Ji 

# Illustrative Example 5.55 

In anL-CcircuitL= 3.3H and C= 840pF.At t=0 charge on the 
capacitor is 105µC and maximum. Compute the following 
quantities at t= 2.0ms 

(a) The energy stored in the capacitor 

(b) The total energy in the circuit 

(c) The energy stored in the inductor 

Solution 

The angular frequency of L-C oscillations is, 

I 
ro=--

..fic 
I 

ro= -,=---=,., 
,.)3_3 X 840x10-IZ 

ro= 1.9 X !04 rad/s 

Charge stored in the capacitor at time t, is given as 

(a) At 

q = (105 X 10-6) COS [1.9 X 104] [2 X J0-3] 

q = 100.3 x io-"C 

Energy stored in the capacitor at this instant is given as 

1q2 
Uc=zc 

(I00.3xl0_.)2 

U=~---~ 
c 2x840x10-12 

(b) Total energy in the circuit is the energy in capacitor at 
maximum charge which is given as 

I qJ 
u=zc 

(105x10_.)2 
u=~---~ 

2 X 840 X 10-IZ 

U=6.56J 

(c) Energy stored in inductor in the given time is given by 
conservation of energy as 

UL =(6.56-6.0)J 

UL =0.56J 

# Illustrative Example 5.56 

In an oscillating LC circuit in which C= 4.00µF, the maximum 
potential difference across the capacitor during the oscillations 

is 1.50V and the maximum current through the inductor is 
50.0mA 

(a) What is the inductance L? 

(b) What is the frequency of the oscillations? 

(c) How much time does the charge on the capacitor take to 
rise from zero to its maximum value? 

Solution 

(a) By conservation of energy we have 

.!..LiJ = .!..cva2 
2 2 

cv0
2 

L=-.2-
'o 

L=3.6x10-3H 

(b) Oscillation frequency of the LC circuit is given as 

I 
J= 2rr...fic 

I . J- -,=======,= 
- 2rr.~(3.6xl0-3 )(4x10-,;) 

/=0.133 X !04Hz 

J=l.33kHz 
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(c) During oscillations the time taken for charge to rise from 
zero to maximmn is one fourth of the oscillation period which is 
given as 

t= s 
4xl.33xl03 

t=0.J88 X J0-3s 

t=0.188ms 

# lllustrative Example 5. 57 

In the circuit shown in the figure-5.142,E= 50.0V,R=250!l and 
C = 0.SOOµF. The switch Sis closed for a long time, and no 
voltage is measnred across the capacitor. After the switch is 
opened, the voltage across the capacitor reaches a maximmn 
value ofl50V. What is the inductance L? 

R 

-L_--"LL ____ _,==c 

s 
Figure 5.142 

Solutio11 

In steady state when switch was closed, 

After switch is opened, it becomes LC circuit in which peak 
current is 0.2A. By energy conservation we have 

I .2 I 2 -L,0 = -CV0 2 2 

V,2 
L= - 0--c 

-2 
'o 

L= (l50)2 x0.5x10--i; 
(0.2)2 

L=028H 

# lllustrative Example 5.58 

An inductor of inductance 2.0mH is connected across a charged 
capacitor of capacitance 5.0µF, and resultingL-C circuit is set 
oscillating at its natural frequency. Let Q denote the 

Electromag.'_1etic Induction and Alternating'. Current l 
instantaneous charge on the capacitor, and I the current in the 
circuit. It is found that the maximmn value of Q is 200µC. 

(a) When Q= IOOµC, what is the value of l!I 
(b) When Q=200µC, what is the value ofl? 

(c) Findthemaximmn value of I. 

( d) When /is equal to one halfits maximum value, what is the 

value ofJQI ? 

Solutio11 

Charge stored in the capacitor oscillates simple harmonically 
and charge as a function of time is given as 

Here we use 

and 

q =%sin(oot±<J,) 

q0 =200µC=2x !o-4C 

I 
oo= FIE 

1 
oo= .===~==== = 10•,.-1 

~(2 x 1 o-3)(5.o x 1 o__.) 

Ifatt =O, q=% 

q = q0 cos rot 

dq . 
I= di = -%00 sm rot 

and 
di 
- =-q rr} cos Oll 
dt O 

(a) At q= 100 µCwehave 

I 
cos rot= 2 

1t 
oot=-

3 

I 
At cos (rot)= 2andfromequation-(5.114)wehave 

l!I = (2.0 x Jo-4C) (IO•s-')2(½) 

l!I =10
4
Ns 

(b) Atq=200µCwehave 

cos rot=! 

~ oot=0,21t ... 

... (5.112) 

... (5.113) 

... (5.114) 
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At this time instant we have 

I=-0 

(c) Current is given byequation-(5.!13)as 

I= - Q0ro sin rot 

Maximum value of current is Q0ro 

I =Qro nm 0 

=:> /nm = (2.0 x\ o-4)(1 O') 

=:, I""' = 2.0A 

( d) From energy conservation we have 

~LI2 = ~L/2+~Q2 
2 max 2 2C 

Q = )LC(!;,.,_ - / 2
) 

I . 
Using/= 7' = LOA 

Q= )(2.0x!0-3)(5.0x!0-6)(22 -12) 

Q= ..fj X !o-4C 

=:, Q= 1.732 x lo-4C 

# Rlustrative Example 5.59 

In figure-5.143 if Sis closedatt= 0, find charge on capacitor as 
a function of time. The inductor is active with initial current /0 

init 

L ----~~~--~ 

cl~ ls 
TL--+q __ l 

Figure S.143 

Solution 

If q0 is the maximum charge on capacitor then by energy 
conservation we have 

2 

~LI2 = !lJ!_ 
2 · o 2C 

=:, qo= ,fie.Jo 

Charge on capacitor as a function of time is given as 

q=qo5in(rot+a) 

1 
Where ro= ,.;:; andatt=O,q=Owegeta=O. 

,iLC 

Thus charge on capacitor is given as 

! WebReferenceatwww.physic,;g;tla,cy com 

r'~'\~llP--~~H&12·J Age 17-19Years 

l..;~on,-Magnenc.J~ffects . 
,. tropic- Self & M\,triii! Inductance • 

{~1t11!'.i:f 11Plhet .: 22 to 36 

Practice Exercise 5.4 

1791 

(i) Two thin concentric wires shaped as circle with radii a 
and b lie in the same plane. Allowing for a<< b, find · 

(a) Their mutnal inductance 

(b) The magnetic flux through the surface enclosed by the 
outside wire, when the inside wire carries a current I. 

a 
b 

Figure S.144 

' 'r [(a) µ~ ; (b) µ,;; ] 

(ii") (a) Calculate the mutnal inductance between two coils 
when a current of 4A in first coil changes to 12A in O.Ss and 
induces an EMF of 50m V in the other coil. 

(b) Also calculate the induced EMF in the second coil if 
current in the first changes from 3A to 9A in 0.02s. 

[(a) 3.125 x 10-3H; (b) 0.9375V] 

(iii) Find the mutual inductance of two thin coaxial loops of 
the same radius a if their centres are separated by a distance I, 
withl>>a. 
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(iv) The equivalent inductance of two inductors is 2.4H when 

connected in parallel and 1 OH when connected in series. What 
is the value of inductance of the individual inductors. Neglect 

mutual inductance between the two inductors. 

[4H, 6H] 

(v) A circular coil P of 100 turns and radius 2cm is placed 
coaxially at the centre ofanother circular coil Q of!OOO turns 

and radius 20cm. Calculate 

(a) The mutual inductance of the coils, 

(b) The induced EMF in coil P when the current in the coil 
Qdecreases from SA to 3A in 0.04s 

(c) The rate of change of flux through the coil Pat this 

instant 

( d) The charge passing through coil P if its resistance is SQ. 

[(a) 3.94 x lO~H (b) 19.72 x 10-3v (c) 19.72 x 10-3 Wb/s (d) 9.86 x 10-sq 

(vi") A long solenoid oflength Im, cross-sectional area IOcrn2, 

having 1000 turns has wound about its centre a small coil of 
20 turns. Compute the mutual inductance of the pair of solenoid 
and the coil. What is the induced EMF in the coil when the 
current in the solenoid changes at the rate of 1 OA/s ? 

[251 µV] 

(vii) An inductor with an inductance of2.5H and a resistance 
of8Q is connected to the terminals ofa battery with an EMF 
6V and negligible internal resistance. Find 

(a) The initial rate ofincrease ofcurrent in the circuit 

(b) The rate of increase of current at the instant when the 
current is 0.50A 

(c) The current 0.25s after the circuit is closed 

(d) The.final steady state current 

[(a) 2.40A/s (b) 0.80A/s (c) 0.413A (d) 0.750A] 

(viii) In the given circuit shown in figure-5.145, find the 
current through the 5 mH inductor io steady state. 

5mH 

lOmH 

m 
Figure 5.145 

20V 

(ix) In theLCcircuitshownin figure-5.146, C= lµF. With 

capacitor charged to 1 OOV, switch Sis suddenly closed at time 
t= 0. The circuit then oscillates at a frequencyof!03 Hz. 

(a) Calculate ro and T 

(b) Express q as a function of time 

(c) CalculateL 

(d) Calculate the average current during the first 

quarter-cycle. 

Figure 5.146 

[(a) 6.28xl03rad/s, 10-3, (b) 104 cos(6.28xl03t) (c) 0.0253H (d) 0.4A] 

(x) Two capacitors of capacitances 2C and Care connected 
io series with an inductor ofinductanceL. Initially capacitors 
have charge such that VB- VA= 4V0 and Ve- VD= V0. Initial 
current in the circuit is zero. Find 

(a) 

(b) 

(c) 

Maximum current that will flow in the circuit 

Potential difference across each capacitor at that instant 

Equation of current flowing towards left in the inductor 

A fi=-B ____ -=,Cf D 

2C C 

L 

Figure S.147 

[(a)2CV0ro (b) 3V0:3V0 (c) i ~ q0ro sinrol. Here, q, ~ 2CV0 and ro ~ 1
2
~C ] 

(xi) A circuit containing capacitors C1 and C2, shown in the 
figure-5.148 is in ·the steady state with key K1 closed and K2 
opened. At the instant t = 0, K 1 is opened and K2 is closed. 

20V R K,r 1---------'M----, 

c, =2µF 9,=2µF 
I-----Jf!----~----11 

K,l 
L=0.2mH 

Figure 5,148 
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jEJecfromagnetlc Induction and Alternating Current 

(a) Find the angular frequency of oscillations of LC circuit. 

(b) Determine the first instant t, when energy in the inductor 
becomes one third of that in the capacitor. 

(c) Calculate the charge on the plates of the capacitor at 
that instant. 

[(a) 5 x 104 rad/s (b) I.OS x 10-5, (c) 10,/JµC] 

(xii) In circuit shown in figure-5.149 if switchesS
1 
andS

2 
are 

closed at t = 0, find the oscillation frequency of charge in this 
circuit. Neglect mutual induction between inductors. 

L 2L 

C -

-2Q +2Q 

'--------H2C-~ ____ _,j s, 
--Q l+Q 

Figure 5.149 

I 
[ 6•Jic l 

(xiii) Figure-5.150 shows LC circuit with initial charge on 
capacitor 200µC. If at t = 0 switch is closed, find the first instant 
when energy stored in inductor becomes one third that of 
capacitor. 

0.2mH 

s 

2µF 

Figure S.150 

[10.Sµs] 

5.9 Magnetic .Properties of Matter 

In previous chapter and articles we've discussed about the 
origin of magnetic field by currents whether in a coil or by 
motion of charge particles or orbital motion ofelectrons in atoms. 
It is observed when a material is placed in an external magnetic 
field then the magnetic field of atomic electrons in the atoms of 
material interact with the external field. The magnetic properties 

--- ---------------,,=au 
·- ---~ ---------~ 

of different materials depend upon how the atomic electrons 
interact with external magnetic field. The best way to discuss 
about the magnetic properties of materials is to analyze the 
behaviour and responses of different materials when placed in 
an external magnetic field. Based on the responses of materials 
in magnetic field, all materials are classified in three broad 
categories : 

(i) Diamagnetic Materials 

(u) Paramagnetic Materials 

(ili) Ferromagnetic Materials 

To understand the behaviour and classification of materials as 
discussed above first we need to understand the magnetic 
moment of atoms in different materials due to the orbital motion 
of electrons. 

5.9.1 Magnetic Moment of HydrogenAtom 

In a hydrogen atom a single electron revolves around a proton 
and by Bohr's postulate of quantisation of angular mom_entum 
the angular momentum of electron in its ground state is given 
as 

h 
L=-

21t 
... (5.114) 

The magnetic moment µ of the atom due to electron motion can 
be directly given by equation-(4.168) as 

e 
µ=-XL 

2m 

e h 
µ= 2m X 21t 

eh 
.µ= 41tm ... (5.115) 

The value given in equation-(5.115) is termed as 'Bohr 
Magneton' and it is used as a basic unit for measurement of 
magnetic dipole moment due to electron spin or orbital motion 
in an atom. 

5.9.2 Natural Magnetic Moment in DµTerent Materials 

In atoms of different materials there are many electrons in 
different orbits in their atoms. These electrons have orbital 
magnetic moment due to their orbital motion and in addition to 
that these electrons also have magnetic moment due to their 
spin angular momentum which may get added or subtracted in 
their resulting magnetic moment depending upon their direction. 

Overall there can be two possibilities in a material. First is that 
magnetic moment due to an individual atom in a material is zero 
thus overall magnetic moment of the piece of material is also 

zero. Figure-5.15 l(a) shows magnified view of a small block of 
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material in which each dot represent an atom which has zero 
dipole moment. Another possibility is that magnetic moment 
due to individual atoms in the material is non zero but all such 
dipole moments are randomly scattered in the volume of material 
so overall magnetic moment of the piece of material is zero. 
Figure-5.15 l(b) shows magnified viewofasmall block of material 
in which each ofits atom has non zero magnetic dipole moment 
which is represented by a small arrow but all these magnetic 
moments are distributed in random directions thus overall sum 

· of all the dipole moments can be taken zero. 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

(a) 

/ \ t \ -
I -/ ....... \ 
'.. \ 
----../ 

5.9.3 Diamagnetism 

J - t 
\ - \ 

(b) 
Figure S.151 

iil,= 0 

... ... 
Mr=1:m1=0 

iil,;!= 0 

M=r.iil=O T , 

The property in a material because of which it has a tendency to 
repel external magnetic field is called 'Diamagnetism'. To 
understand this see the figure-5.152 which shows a coil mounted 
on a rigid support and a bar magnet is moving toward the coil 
along its axis. We know that due to motion of magnet the 
magnetic flux through the coil changes and a current is induced 
in the coil in such a direction to oppose the motion of magnet. 
We can also say that a magnetic moment is induced in coil in 
opposition to the magnet. I 

---- s 

Figure 5.152 

.. Et~rieilcTndticjf2fl;al\d Al\ematlng ¢u1ttri:!JI 

In every material there are atoms in which orbitting electrons 
behave like equivalent currents. Whenever an external magnetic 
field is applied on a material, all the orbits in atoms of the material 
have more or less tendency to oppose the external magnetic 
field and an opposite magnetic moment is induced in the coil 
which opposes the external field. Thus every material has some 
diamagnetic character in it. 

5.9.4 Response of Diamagnetic Materials to External Magnetic 
Fields 

Those materials in which individual magnetic moment of each 
atom or molecule is zero are called 'Diamagnetic Materials' 

because when these materials are placed in external magnetic 
_ field, magnetic moment is induced in all these atoms_ or molecules 
of material due to which cumulatively all the atoms or molecules 
of material oppose the external magnetic field and repel it. 
Figure-5.153(a) shows a block of diamagnetic material of which 
initial magnetic moment is zero as discussed in article-5.9.2 and 
when a bar magnet is brought close to this block, due to its 
magnetic field, magnetic moments are induced in all the atoms 
in the block in opposite direction and because of all these dipoles 
block produces an induced magnetic field B, in direction 
opposite to that of bar magnet as shown in figure-5. l 53(b) and 
this repels the bar magnet. 

0 0 

0 0 

0 0 . 

0 0 

s 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

(a) 

(b) 
Figure 5.153 

iit,= 0 

... 
Mr=O 

4444 
4444 
4444 
4444 

Always remember that diamagnetism is.a weak phenomenon 
but in diamagnetic materials it can be seen in different ways like 
figure-5.154 shows a diamagnetic block placed between two 
opposite pole pieces repel the magnetic field and due to this 
magnetic lines bulge out as shown and almost every material 
has diamagnetic character upto some extent. 
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Diamagnetic Material 

Figure 5.154 

5.9.5 Magnetic Levitation in DiruI1agneticMaterials 

As discussed in diamagnetic materials when subjected to 
external magnetic field then due to magnetization an opposite 
direction magnetic field is induced in the material and external 
magnetic field repels the magnetized block. This repulsive force 
can be used in suspension or propelling materials. This 
phenomenon is called 'Magnetic Levitation'. Figure-5.155( a) 
shows a diamagnetic block placed at t_be top of an electromagnet 
on an insulating stand and as soon as the circuit switch is 
closed a magnetic field. by electromagnet passes through the 
diamagnetic block and it is repelled. If the repulsive force is 
more than the weight of block it gets suspended in space above 
the electromagnet as shown in figure-5.l 55(b). · 

I 

. I. 

, ' 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' _l _ I 
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', , ____ ,.'// l \\' .. __ .,,,. / 

' _. I I I\ " '-. ___ .,,. I : \ "'-. ___ ,,., 

j + \ 

(b) 
Figure 5.155 

5.9.6 Paramagnetism 

Whenever a magnetic dipole is placed in an external magnetic 
field, it exerts a torque on the dipole to align it along the direction 
of magnetic field. Figure-5.156 shows a free magnetic dipole 
placed in external magnetic field due to which it experiences a 
torque M x B in clockwise sense and as the dipole is free to 
rotate it will align along the direction of magnetic field as shown. 

~ 

.B 

Figure 5.156 

The materials in which their atoms or molecules have non zero 
magnetic moment randomly distributed in voluine when placed 
in external magnetic field, these dipoles align along the direction 
of external field and then the total magnetic moment of the 
material will be non zero and along tlie direction of magnetic 
field. This phenomenon by which all the dipoles in a material 
align along the direction of external magnetic field and induces 
a magnetic field in the direction of external field is called 
'Paramagnetism' and such materials are called 'Paramagnetic 
Materials'. 

5.9. 7 Response of Paramagnetic Materials to External 
Magnetic Fields 

Figure-5.l57(a) shows a block of paramagnetic material in which 
all its dipoles are randomly distributed with total dipole moment 
of the block zero as already discussed in article-5.9.2. When the 
block is subjected to an external magnetic field then all its dipoles 
align along the direction of external magnetic field as shown in 
figure-5.157(b). As all dipoles are in the direction of external 
magnetic.field, thus the side of magnetically polarized block 
facing the magnet acts like a south pole which attracts the 
magnet or source of external magnetic field as ·shown in 
figure-5.157(b). 

(a) 

r 
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(b) 
Figure 5.157 
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Paramagnetism is also a weak phenomenon and as already 
. discussed that in everymaterial upto some extent diamagnetism 

also exist which is in opposition to paramagnetism. 

5.9.8 Magnetic Induction inside a Paramagnetic and 
Diamagnetic Materials 

As already discussed in previous articles that in diamagnetism 
after polarization, material repel external magnetic field and the 
internal magnetic field produced bythematerial is in opposition 
to the external magnetic field. As shown in figure-5.158 if B

1 
is 

the internal magnetic induction produced by the dipoles of the 
material after it is placed in exteinal magnetic induction B

0 
then 

inside the material magnitude of net magnetic induction is given 
as 

... (5.116) 

r 
--> 
B0 (External field) 

--
-- --

·-;;+-_ ~ 

Diamagnetic Material 

Figure 5.158 

In paramagnetism after polarization, material attracts external 
magnetic field and the internal magnetic field produced by the 
material is in same direction as that of external magnetic field. 
As shown in figure-5.159 ifB I is the internal magnetic induction 
produced by the di11oles of the material after it is placed in 
external magnetic induction B0 then inside the material 
magnitude of net magnetic induction is given as, 

-
'f~ 
- ' -

- ----:to-., 

·"4' - B, -(Induced field) - -
Paramagnetic Material 

Figure 5.159 

5.9.9 IntensityofMagnetization 

--> 
B0 (External field) 

-
,;,,...,;: 

-

As already discussed in article-5.9.2 due to random distribution 
of dipoles inside a material (if dipoles exist in the material) the 
total dipole moment of the whole block of material is zero hut 
when it is subjected to an external magnetic field it gets 
magnetically polarized and net dipole moment exist. This net 
dipole moment direction is opposite to external magnetic field 
in diamagnetic materials and it is in same direction as that of 
external magnetic field in paramagnetic materials. 

Volume= V 

,.,__.,,' -: _. -
Figure S.160 

After magnetic polarization of a material the total dipole moment 
_of the material per unit of its volume is called 'Intensity of 
Magnetization'. Figure-5.160 shows a block of volume Vwhich 
is magneticallypolarized. If the total dipole moment of the block 
is M then the intensity of magnetization inside the block is 
given as 

- M l=­
v ... (5.118) 

Unit used for measurement of intensity of magnetization is 
'ampere/meter' denoted as 'Alm'. 

Inside a magneticallypolarizedmaterial the magnetic induction 
due to its polarized dipoles is related to intensity of 
magnetization as 

... (5.119) 

Above relations given in equations-(5.119) is empirically defined 
... (5.117) relations which students can directly use in applications. 
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5.9.10 Magnetic Field Vectors B and H 

In previous chapter we've discussed that in a region of magnetic 
field the magnetic ~duction is measured in units of' Tesla' and 
denoted by vector B . In previous articles we've also discussed 
when external magnetic field passes through different materials 
then due to magnetization of materials net magnetic induction 
inside the magnetized (magneticallypolarized) material changes 
so we need to define a physical quantity H for exteroal magnetic 
field which does not change with medium. This H is called 
'Magnetic Field Strength' or 'Magnetizing Field' of magnetic 
field Magnetizing field in a given region is measured in units of 
'ampere/meter' and denoted as 'Nm'. 

- -In general both the vectors B and H are called commonly as 
magnetic field in practical situations. It is the unit of measurement 
which clarifies about WEich vector we are talking about. Ifunit 
used is 'tesla' then its B and if unit used is 'Alm' then its H. 
In a given region of space both the vectors of magnetic field are 
related as 

... (5.120) 

Inside a material having magnetic permeability µ, the relation is 
modified as 

... (5.121) 

- - -5.9.11 Relation in B , Hand / in Magnetization of Materials 

When a material is placed in external magnetic field of magnetic 
induction B

0 
then as discussed in article-5.9.8 due to 

magnetization of material an induced magnetic induction inside 
the material B; is developed and net magnetic induction inside 
the material vectorially is given as 

B=B,+B; ... (5.122) 

If magnetizing field of external magnetic inducti~n is H and 
intensity of magnetization inside the material is I then from 
above equation-(5.122), we have 

~ B=µ0(H+l) ... (5.123) 

5.9.12 Magnetic Susceptibility 

This is a constant parameter for each material which gives an 
idea about the ease with which the material can be magnetized 
when subjected to external magnetic field. For any material 
magnetic susceptibility is defined as the ratio of intensity of 
magnetization inside the material to the magnetizing field applied 
for magnetization of the material so it is given as 

~ 

... (5.124) 

... (5.125) 

Vectorially above relation in equation-(5.125) can be given as 

- -
H =xi ... (5.126) 

For any material having magnetic permeabilityµ, net magnetic 
induction inside is given by equation-(5.121) and (5.123) which 
is given as 

- - -
µoµ, H = µo(H +xH) 

~ µ,=I +x ... (5.127) 

As we know for diamagnetic materials I is in opposition to 
external field H thus xis negative so magnetic permeability of 
diamagnetic materials is less than unity and for paramagnetic 
materials I is in same direction as that of external magnetic 
field H thus x is positive so magnetic permeability of 
paramagnetic materials is more than unity . 

5.9.13 Curie'sLaw 

In previous article we've discussed that in paramagnetic 
materials intensity of magnetization is due to the alignment of 
all the dipoles of the material along exteroal magnetic field after 
it gets magnetized. There are two main factors on which the 
intensity of magnetization depeods. Inteosity of magnetization 
is directly proportional to the external magnetizing field H. As H 
increases the dipoles of material will experience more torque 
and overall alignment of dipoles in the direction of external 
magnetic field increases. Thus we have 

/ocH ... (5.128) 

Another factor on which intensity of magnetization depeods is 
the temperature. As temperature increases then due to thermal 
agitation the alignment of dipoles gets disturbed and overall 
dipole moment of the material decreases. Intensity of 
magnetization is observed to be inversely proportional to the 
temperature of the material, thus we have 

I oc l_ 
T 

From equations-(5.128) and (5.129) we have 

I= c(~) 

... (5.129) 

... (5.130) 

In above equation C is callei Curie's constant and at a ~'pecific 
temperature we can compare equation-(5.130) with 
equation-(5. I 31) which gives 

C x=-r ... (5.131) 
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Thus the magnetic susceptibility of paramagnetic material is exchange coupling. Thus we have 
inversely proportional to its absolute temperature. This is called 
'Curie's Law in Magnetism'. In general diamagnetic materials B, >> Bo 
do not obey Curie's law as in diamagnetic materials intensity of 

=> l>>H 
magnetization is weak and their susceptibility does not very 

... (5.132) 

significantly with temperature whereas paramagnetic materials Thus for ferromagnetic materials we use x >> I. 
obey Curie law and on heating their susceptibility decreases to 
lower values and a paramagnetic material lose its magnetic 
character on heating. . Magnetic Field 

5.9.14 Ferromagnetic Materials 

There are some specific materials like Fe, Co, Ni and some more 
elements in which atoms have non zero magnetic_ moments and 
in their solid lattice due to a quantum phenomenon called 
'Exchange Coupling' atomic groups are formed in different 
pockets of material which have their magnetic moment aligned 
in same direction in that pocket. This phenomenon exchange 
coupling is due to the alignment ofall dipoles by the magnetic 
field ofneighbouring dipole in a short neighbourhood. Different 
pockets in the material may have atomic groups aligned with 
their magnetic moment iti different directions ~s shown in 
figure-5.161. Each of these atomic groups aligned "in same 
direction are called 'Dom(lins' and such materials are called 
'Ferromagnetic Materials'. As all the domains in a 
ferromagnetic material are having direction of their dipole 
moment randomly distributed the net magnetic moment of such 
materials is zero. 

Figure 5.162 

The susceptibility offerromagnetic materials decrease with the 
rise in temperature in a different way. At a specific temperature 

called 'Curie Point' or 'Curie Temperature' a ferromagnetic 
material starts behaving like a paramagnetic material thus after 
<;::urie point, the susceptibility of a ferromagnetic material varies 

_ inversely with its absolute temperature or we can· say that only 
above Curie point a ferromagnetic substance obeys Curie's 

. law. 

Figure 5~161 

5.9.15 Magnetization of Ferromagnetic Materials 

Due to exchange coupling all atoms in a domain have their 
individual dipole _momentµ, aligned in same direction. In this · 
state even a very small magnitude external magnetic field can 
align all the domains along the direction of external magnetic 
field as shown in figure-5.162. This is because the internal 
magnetic field of already aligned atoms fo a domain produce a 
torque on neighbouring domain atoms which supports the 
external field in this alignment process. 

In ferromagnetic materials induced fieldB, due to magnetization 
of material is much higher than the external field because of 

5.9.16 Superconductor as a Perfectly Diamagnetic Material 

Supercondu_cting materials are regarded as perfectly 
diamagnetic as on subjecting to external magnetic field, the free 
electrons in superconductors starts developing an eddy current 
wliich grows until it balances the external magnetic field inside 
the material. 

When inside a m~gnetic field a conductor is cooled to the 
superconducting state and at a specific temperature material 
looses all its electrical resistance and at the same instant the 
material expels all the magnetic fj.eld inside it. This is called 
'Meissners Effect'. Even when the material is not acting as a 
superconductor, it had some eddy currents due to application 
of external magnetic field which grows as its temperature 
decreases and at the superconducting state the eddy currents 
will increase so as to balance the external magnetic field and 
resulting zero magnetic field inside the material. 
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Figure-5.163 shows a theoretical situation of coil madeup of 
superconducting wire. When an external magnetic field is 
applied onto it then an induced current is developed in the coil 
which opposes the external magnetic field and due to zero 
resistance in the coil the current in it does not decay and grows 
to the limit till the net magnetic field at the plane of coil by its 
current balances the external magnetic field so theoretically we 
consider no magnetic flux passes through a superconducting 
coil when placed in an external magnetic field. 

$coa=O 

Figure 5.163 

Another situation is shown in figure-5.164 in which a 
superconducting block is placed in an external magnetic field 
and in this situation inside the block eddy currents are induced 

, to nullify the net magnetic field at all its interior points. 

4444 
4444 
4444 
4444 

Bmp1tt= 0 

Figure 5.164 

5.9.17 Magnetic Hysteresis 

The phenomenon in which the value of a physical property 
lags behind the causes by which it is changing is called 
'Hysteresis'. When a ferromagnetic material is magnetized by 
an external magnetizing field the intensity of magnetization in 
the material increases with the external field and when 
magnetizing field decreases then intensity of magnetization also 
decreases but it lags behind the change in magnetizing field. 
This is called 'Magnetic Hysteresis'. We will discuss magnetic 
hysteresis with the help of an illustration. 

Consider a ferromagnetic material which is subjected to an 
external magnetic field which can be changed in magnitude as 
well as in direction. Figure-5. 165 shows the variation ofintensity 

······· -··-====---=------~-~~-_-_-_-_-_-_-_-_-~"'"1s"'if::-1J 

of magnetization in the material with change in magnetizing 
field. The curve starts from origin when initial value of 
magnetizing field was zero and at that instant polarization of 
material was also zero and hence no initial magnetization was 

there. When H increases, J also increases and curve follows 
path O to point A after which it no further increase in I is 
observed with increase in H. This state is called magnetic 
saturation material at which I approaches maximum value. 

I 

D 

Figure S.165 

Now from the point of magnetic saturation His decreases with 
which I also decreases along the path AB. When H becomes 

zero then at point B some magnetization is left in the material. 
This magnetization OB which is left in the material at the point 

when His zero is called 'Retentivity' of the material. This intensity 

of magnetization left in the material when magnetizing field is 

reduced to zero from saturation is also called 'Remanence' or 

sometimes called 'Residual Magnetism'. This residual 

magnetism is also termed as 'Magnetic Inertia' due to which in 
absence of demagnetization the retention of magnetic flux in 

the material is there for a long term depending upon the 

retentivity of the material. 

To reduce the intensity of magnetization to zero, the 

magnetising field is increased in reversed direction from B to C 
then at point Cthe intensity of magnetization becomes zero for 

which we had to apply a magnetizing field in reverse direction 
equal to OC. This magnetizing field OC is called 'Coercivity' of 
the material. Thus the value ofreverse magnetizing field required 

to reduce the retentivity in material to zero is called coercivity 

of the material. 

Further when the magnetizing field is increased in reverse 
direction, intensity of magnetization increases along the curve 
CD and at point D again it is the state of magnetic saturation in 
reverse direction. Now magnetizing field is increased in original 
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direction upto point A by passing through the point E and F 
which are corresponding to retentivity and coercivity in 
opposite directions as shown in figure-5. 165. In this figure the 
closed curve ABCDEFA is traced between values of Hand/ is 
called 'Hysteresis Loop'. Based on several experiments and 
aoalysis it is found that the area of the hysteresis loop which is 
also called 'I-H Curve' is proportional to the net energy absorbed 
per unit volume by the material during one cycle of magnetization 
and demagnetization. This energy appears as heat in the material 
in the cycle. 

Phenomenon of hysteresis discussed above is shown by 
ferromagnetic substances only and the shape of hysteresis 
curve gives the idea about some important magnetic properties 

of the material. Figure-5.166 shows two hysteresis curves plotted 

on same graph for steel and soft iron. Comparing the two curves 
we can make some inferences given below. 

(i) Area of hysteresis loop for soft iron is much smaller 

compared to that of steel which indicates that in case of soft 
iron energy loss per unit volume is very small as compared to 

steel when these are taken over cycle of magnetization and 
demagnetization. 

(n) Soft iron gets magnetized to saturation value at less value 
of external magnetizing field compared to steel and on removing 

magnetizing field magnetic retention in case of soft iron is more 

than that of steel. That indicates that soft iron is strongly 

magnetized compared to steel by Sallie magnetizing field. _ 

(rii) Coercivity of steel is much greater than soft iron that means 

the residual magnetism in steel sustains for a longer time and 
for soft iron residual magnetism can be destroyed by a smaller 
value of reverse magnetizing field easily. 

Steel 

Figure 5.166 
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# lllustrative Example 5. 60 

A bar magnet has its pole strength 4.5 Am and length 12cm. The 
cross sectional area of the magnet is 0.9 cm2• Find the total 
dipole moment of the magnet and intensity of magnetisation of 
the magnetic material. 

Solution 

The intensity ofmagentisation is the dipole moment per unit 
volume in the material. The effective total dipole moment of the 
magnet is given as 

M=ml=4.5 x 0.12=0.54Am2 

Intensityofmagentisation of material is given as 

M ml m 4.5 
I=-=-= - =---=5X 104A/m 

V Al A 0.9xl0-4 

#l((ustrative Example 5.61 

In a region at 280K temperature, on an aluminium sample a 
magnetising field of intensity 2 x I 03 Alm is applied due to 
which the sample acquires an intensity of magnetisation .. 
4.8 x w-2 Nm. Calculatethesusceptibilityofaluminiumat280K 
and if temperature of the sample is raised to 320K, what will be 
the susceptibility and intensity of magnetisation. 

Solution 

Susceptibility of aluminium at 280K is given as 

I 
Xm,= H 

4.8xl0-2 

=:, Xm1 = 2 x!O' 2.4 x 10-s 

As aluminium is a paramagnetic material, it obeys Curie's law 
so if Xm2 is the susceptibility ofaluminium at 320K temperature 
we use 

=), 

z; 
Xm2= Xm1 X'"'i; 

2 

280 
X =24x 10-5 x - =21 x 10-5 

m2 • 320 . 

If/' is the intensity of magnetisation of aluminium at 320K 
temperature then we have 

l'=x.,zH 

=:, 1'=2.1 x 10-5 x2 x 103 Nm 

=), l'=4.2x !0-2A/m 
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# Illustrative Example 5. 62 

A piece of iron of mass 8.4kg is repeatedly magnetised and 
demagnetised by an external periodic time varying magnetic 
field offrequency 50Hz. In the iron piece it is measured that rate 
ofheat dissipation is 6.4 x 104 Jihr. Ifiron density is 7200kg/m3 

find the energy dissipated in iron piece per cycle per unit volume 
ofit. 

Solution 

The heat dissipation in the iron piece per unit volume per hour 
is given as 

Heat 
Q= Volume 

6.4xl04 
3 

8.4/7200 Jihr-m 

Period ofone cycle of magnetisation is given as 

I I 
T= J = 50x3600 hr 

Thus heat dissipated per cycle per unit volume is given as 

_ ~4xl~ x I _ 3 
Q,,- 8.4/7200 50x3600 - 305 Jim 

,,,, ·--------------------~ 
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5.10 Alternating Current 

A current which periodically changes direction is called an 
Alternating Curre,it (AC). In an AC along with periodic change 

in direction of current its magnitude can also vary with time. 
Based on the ways in which magnitude and direction of an AC 

changes, several different types of ACs are analyzed. 

Figure-5. 167 shows some specific types ofACs in which current 

variation with time is shown. The most common type of AC 

which is widely used in AC applications is shown in 
figure-5. I 67( d) which varies with time according to sine function 
and it is called 'Sinusoidal AC'. 

i,1---, r--7 r--7 
I I I I 
I I I I 
I I I I 

T/21 Ti 
I I 
I I 
L____J 

JT/21 2Ti ST/2 
I I 
I I 
L____J 

Square wave AC 
(a) 

io --------------

io ---

m, 
I 

io ----

T 

Triangular wave AC 
(b) 

Saw tooth wave AC 
(c) 

- io ------------

Sinusoidal wave AC 
(d) 

Figure 5.167 

2T 

The alternating current which is used for domestic and industrial 

purposes is commonly the sinusoidal AC for which the time 

function is given as 

i = i0 sin( rot) ... (5.133) 

Here i0 is called current amplitude or peak value ofalternating 

current. ro is the angular frequency. The function given in 

equation-(5.133) gives the instantaneous value of alternating 

current. 

Alternating current is produced due to an alternating EMF. An 

AC EMF also changes its direction periodically and its 

magnitude changes with time sinusoidally or in different ways. 

A sinusoidal EMF in general is expressed as 

e = e0 sin rot ... (5.134) 

The AC EMF shown in the above equation-(5.134) is considered 

as a reference for phase analysis of current and other circuit 

parameters in different types of AC circuits which we will discuss 
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in upcoming articles. Figure-5. 168 shows the circnit symbol of 
an AC EMF used in drawing circnit diagrams. 

ACEMF 

-------<Gf--: ~ 
e=e0 sinrot 

Figure S.168 

5.10.1 Mean or Average Value of an Alternating Current 

Average value ofan alternating current in a given time is equal 
to that steady or direct current due to which through a circnit 
branch same amount of charge is passed which passes due to 
the given alternating current in same time through the same 
circuit. 

Ifin a situation time duration for which AC is to be calcnlated is 
not given then we calculate it for one time period of the AC. 

If an alternating current is expressed as i = /(I) then its average 
value J,vg for a time t = 0 to t = T can be calculated by equating 
the amount ofcharge which flows due to these values of current 
in same time as 

. T 

l.., •. T= J f(t)dt 
0 

I T 

1,vg = r f f(t)dt 
0 

... (5,135) 

Expression in above equation-(5.135) is the average function 
formula used to evaluate the time average ofany given function 
and here we will use this function for calculation ofaverage or 
mean value of current for any AC of which the instantaneous 
variation of current with time is given. 

If we carefully see the integral part of the equation-(5.135) it is 
the area of the curve /(t) vs t between time t = O to t = T. For 
current this area is the total charge flown in the specified duration 
thus in case charge quantity is known which flows in a given 
time like if a charge Aq flows in time At then mean value of 
current can be directly given as 

I = Aq 
avg At 

Area under i -t curve 
I =-------

avg At 

... (5,136) 

... (5,137) 

5.10.2 Mean Vaine ofa SinusoildalAiternating Current 

A general sinusoidal alternating current is given by the time 
function expressed in equation-(5.133). The curve of variation 
of current with tinie is shown in figure-5.169. For one complete 
cycle we can see in this figure the positive and negative area 

Electromagneiic Induction and Alternating Current j 
are equal thus mean value of this sinusoidal current for one 
complete time period comes out to be zero. 

Figure 5,169 

Ifwe calculate the mean value of the sinusoidal current for half 
cycle then it can be calculated by using equation-(5.135) as 

=> 

=> 

=> 

=> 

1 Jt/(0 

1 ... = T 
12 

J i0 sin( rot)dt 
0 

J = __!_I (-i[cos(rot)]','") 
avg T2 CO 

I ( i ) 1,vg = T 12 (2,//T) [cos(0°)-cos(7!)] 

I = i[l-(-1)] 
avg 7t 

2i, . 
/avg= -;;- =0.636z0 ... (5.138) 

Above equation-(5.138) shows that average or mean value ofa 
sinusoidal AC during half cycle is 63.6% ofits peak value but 
the above equation is valid only if half cycle is considered from 
the duration t = 0 tot= T/2. For different halftime periods the 
mean value may be different. Figure-5.170 shows the graph of 
same sinusoidal AC in which if we consider the time period from 
t= T/4 tot= 3T/4 then we can see that the total area of the graph 
is zero hence the mean current for this period which is also half 
of the total period comes out to be zero. 

Figure 5.170 

If we consider different time instants for the duration of half 
period then we can say that the mean value ofa sinusoidal AC 
can range from O to 2irJ7l. 
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5.10.3 Root Mean Square (RMS) value of an Alternating 
Current 

RMS value of an alternating current fur a given time duration is 
calculated by taking the square root of the average of square of 

the time function i = j(t) of current as the name RMS implies. 
This can be mathematically calculated by using the average 

function formula for square of the time function of current which 

is given as 

T 

/RMS= _!_ J [/(1)]2 dt 
T, 

... (5.139) 

' ··• ____ 191j 

the 'Mean Square' value of this current which is given as 

I"fws = _!__ [[J(t)]2 dt 
T, 

T/2 

'lf·'·'d IRMs = -
1
- ,, sm rot t 

T 2 0 

·2 1tlcJJ 

/ 2 = COio J sin2 rotdt 
RMS 1t 

·- 0 

0) ·2 r:.!w 

/ 2 = 2 J [1- cos(2cot)]dt 
RMS 2n: 0 

Theoretically this RMS value is defined as a steady constant 
current when passes through a given resistor produces same =:, 

amount of heat in a given duration which is produced by the 
given alternating current when passed through the same resistor 

coi
2 

[ I ]''• / 2 = - 0 t --sin(2cot) 
RMS 21t 2@ 0 

I' = coi: [(~-o)-<o-o)] in same time duration. =:> RMS 21t (I) 

If the alternating current i = j(t) is passed through a resistor of 

resistance R then for a given time Oto Ttotal heat produced in 

this resistor can be given as 
T 

H=fi'Rdt 
0 

T 

H= f[f(t)]'dt 
0 

... (5.140) 

... (5.143) 

The RMS value of sinusoidal alternating current as obtained in 
equation-(5.143) is a standard result for full or half cycle ofit 
but for different periods the RMS value may come differently 

If /RMS is the RMS value of the given alternating current then for this sinusoidal alternating current. 

the total heat produced by this constant value in a resistance R 
in time o to Tis given as #_Il_lu_s_tr_a_tt_·v_e_Ex_a_m_:rp_l_e_S_. 6_3 ___________ _ 

H= l"fwsRT 

From equations-(5.140) and (5.141) we have 

... (5.141) An electric bulb is designed to operate at 12V DC. Ifthis bulb is 
connected to an AC source and it gives same brightness, wha~ 

would be the peak voltage of AC. 

T 

l?,,,sRT = fl/(t)j'dt 
0 

T 

1Jws = l J [1c1>1' a1 
T, 

So/utio11 

As brightness is same, this indicates that heat produced in the 
two cases is same so the effective (RMS) current supplied by 

AC source is same as that of DC current through the bulb. Thus 

effective (RMS) voltage of AC must be 12V which is given in 
· · · (5.142) terms of peak value of voltage as 

We can see that equation-(5.142) is same as equation-(5.139). 

5.10.4 RMS value ofa Sinusoidal Alternating Current 

A general sinusoidal alternating current is given by the time 
function expressed in equation-(5.133). For calculation of its 
RMS value as we will find the average of squares half cycle or 
full cycle does not make any difference as square of positive or 
negative both cycles will be positive. To determine the RMS 
value ofa sinusoidal alternating current first we will calculate 

=__"Q___ 
e= .fi. 

e0 = .fi. enns = 12..fi. V 

# Illustrative Example 5. 64 

The current decaying in LR circuit has a function i = I0e_," 
where, is the time constant of the circuit. Find RMS value of 

this current for the period t = 0 tot=,. 
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Sol:z:io11 

We know that root mean square value of current is given as 

I~= 1_ f [f(t)]' dt 
T, 

. Ii [e-211,]' 
I' =- -­

RAts 't -t / 't 
0 

2 
, Io [ -2 I =-- e -I] 
RMS 2 

I' = _!t_ 1--1
2 

( · I ) 
RMs 2 e2 

# Illustrative F.xample 5. 65 

A direct curreiltof2Aand an AC of peak value 2Aflows through 
resistances 2Q and IQ respectively. Find the ratio of heat 
produced in the two resistances in same interval. 

Solution 

In time t heat produced by a DC current I1 is given as 

H1=FRt 

=> H1 '= (2)2 (2) t= 8t 

RMS value of AC is given as 

i0 2 r;;; 
i.., = ,/2 = ,/2 = v2A 

Heat produced by therms current in time tis given as 

H =i2 Rt 2 nns 

=> H2 = (,/2)2(1)1 =2_t 

Hi 8t 
-=-=4 
H2 2t 

# Illustrative F.xample 5. 66 

Find the RMS value of the sawtooth voltage of peak value V0 
per cycle for which the time function is shown in figure-5.171. 

__ :JJectromagnetlc Induction and Alternating Curie]!] 

V 

--'---------~---------- ----+v, 

T/2 

Solutio11 

T 

Figure 5.171 

12T 
I 
: 
' ' 

"Time function of voltage for the above graph is given as 

2V. 
,V=-"·t-V. 

T 

Mean square value of the voltage is given as 

=>· 

IT 
V =-fV2dt 

ms T 
0 

I T(2V. )
2 

V =-f-0 t-V. dt 
ms T T 

0 . 

K, V. v,.,,,,= = ..fi 

. Web Reference atwww.physicsg;tlaxy.com 
} '' '' 
j Age Group-Grade 11 & 12 I Age 17-19 Years 
f Section-Magnetjc Effects 

~ Topic-J\l~ringG~ent_ .. 
¼ Module'N~er-1 toB • 
i~ < '''""'' >fi,'f;-' ' 

Practice Exercise 5,5 

(i) AnACvoltageis given as e= e1 sin rot+ e2 cos rot. Find 
the RMS value of this voltage. 

~ [ 1/--'-z J 

Study Physics Galaxy with www.puucho.com

www.puucho.com



I Electromagnetfc Induction and Alternating Current 

(ii) In a wire direct currenti1 and an AC current i2 = i20 sin rot 
is superposed. Find the RMS value of current in wire. 

(iii) Calculate the RMS value of the EMF for a cycle of which 

time variation is shown in figure-5.172 

v,- - -

T/2 T 3T/2 

Figure 5.172 

(iv) In a given AC circuit through a specific branch the 

current varies as a function of time give11: as 

i = i0sin2cot O ~ rot < n: 

and i = i 0sinrot 1t,;; rot < 2,c 

Calculate the average current per cycle of this AC. 

(v) Calculate the root mean square value of the voltage of 
the given variation of au alternating EMF·with time in graph as 

shown in figure-5.173. 

Figure 5.173 

(vi') In previous question calculate the average voltage per 

cycle of the alternating EMF. 

[ v,, l 
.fi. . 

(vii) Calculate the average value of the AC per cycle for which 
time function of the current is shown in figure-5.174. 

T/2 T 3T/2 2T 

Figure 5.174 

5.11 AC Circuit Components 

1s31 

In different types of AC circuits mainly three passive circuit 
components are used which are resistors, capacitors and 
inductors. These may be connected in different combinations 
across and AC EMF. In analysis of AC circuits, currents and 
potential difference across different circuit components are to 
be analyzed when circuit is closed. While analyzingAC circuits 
an important factor has be taken care ofalong with magnitude 
of current and potential differences in different branches and 
for different circuit components which is the phase of current 
and potential difference being analyzed. Being a sinusoidal 
function when EMF is applied across a circuit, due to the 
behaviour of circuit components, currents in branches of circuit 
may lag or lead the applied EMF in phase so it is an essential 
parameter to be accounted in all calculations while solving an 
alternating current circuit. Later in upcoming articles we will see 
that power in AC circuit is also dependent upon the phase of 
current and potential difference for any circuit component. So 
we will build our understanding of solving AC circuits step by 

step. 

5.11.1 A Resistor Across an AC EMF 

Figure-5.175 shows a pure resistor ofresistance R is connected 

across an AC EMF of which the time function is given as 

e = e0 sin rot 

R 

e=e0 sinwt 

Figure 5.175 

... (5.144) 

In above circuit due to applied EMF an alternating current i 

flows through the resistance. The direction of cnrrent shown in 
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figure is indicative and at an instant. By Ohm's Law the 

instantaneous current in the circuit is given as 

=> 

=> 

Where 

. e ,=-
R 

i= 
e0 sin cot 

R 

i = i0 sinrot 

. e, 
l =-
o R 

... (5.145) 

... (5.146) 

From equation-(5.144) and (5.145) we can see that alternating 

EMF and alternating current produced due to this EMF in a 

resistance are in same phase. Equation-(5.146) gives the current 

amplitude of the alternating current produced in the resistance. 

Figure-5.176 shows the time variation of AC EMF and current 

through the resistor ofresistance R when it is subjected to the 
ACEMF. 

Figure 5.176 

5.11.2 A Capacitor Across anACEMF 

Figure-5.177 shows a capacitor of capacitance C is connected 
across an AC EMF of which the time function is given as 

e = e0 sin rot 

C 

e=e0 sinrot 

FJgure S.177 

... (5.147) 

In above circuit due to applied EMF an alternating current i 
flows through the capacitor. The direction of current shown in 
above figure is indicative and at an instant. As capacitor is 
connected in parallel across the AC EMF, neglecting the 
resistance of connecting wires the instantaneous charge on 

Electi:01T1a~netic_ Induction and AltemaUng Current I 
capacitor is given as / 

q=Ce 

... (5.148) 

The instantaneous current in the circuit can be given as 

=> 

=> 

Where 

. dq 
z=-

dt 

i = Ce0ro cosrot 

. e,, I 1= ---COSO) 
(!/ roC) 

i = i0 cosrot 

i = i0 sin( rot+ 1112) 

. e, 
•o= {1/roC) 

- ... (5.149) 

... (5.150) 

From equation-(5.147) and (5.149) we can see that alternating. 
current produced due to the applied alternating EMF in a 
capacitor leads in phase over applied EMF by an angle 7!/2. 

Equation-(5.150) gives the current amplitude of the alternating 

current produced in the capacitor connected across AC EMF. 

In equation-(5.150) the term 1/roC must have unit of 'ohm' for 

the equation-(5.150) to be dimensionally correct. This value 
1/roC is the ohmic opposition offered by capacitor in path of 

alternating current. This is called 'Capacitive Reactance' of 
the capacitor which is denoted by Xe and given as 

I 
Xe= roe ... (5.151) 

Figure-5.178 shows the time variation of AC EMF and current 

through a capacitor of capacitance C when it is subjected to the 
ACEMF. 

Figure 5.178 

5.11.3 An Inductor Across an AC EMF 

Figure-5.179 shows an inductor of selfinductanceL is connected 
across an AC EMF of which the time function is given as 

e = e0 sin rot ., . (5.152) 
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L 

e= e0 sin rot 

Figure 5,179 

In above circuit due to applie<! EMF an alternating current i 
flows through the inductor. The direction of current shown in 
above figure is indicative and at an instant. As the inductor is 
connected in parallel across the AC EMF, neglecting the 
resistance of connecting wires we use 

=> 

=> 

di 
e=L­

dt 

. di 
e0 smrot= L­

dt 
LdI = e0 sin rot dt 

Integrating the above expression we get 

=> 

J Ldi = J e0 sin rotdt 

Li=-.!.(e0 cosrot) +C 
Ol 

. 1 ( ) C 1=- - e cosrot + -
Loo O L 

... (5.153) 

In above equation first term on right hand side is the periodic 
current whereas second term is the direct current which does 
not change with time so alternating current produced in inductor 

due to AC EMF is given as 

=> 

=> 

Where 

i =- -
1
-(e cos rot) 

Loo 0 

e0 • ( rr) 
i= Lrosm rot-2 

. . . ( rr) 1=10 sm rot- 2 

. e, 
I=-
o roL 

... (5.154) 

... (5.155) 

Fromequation-(5.154) and (5.155) we can see that alternating 
current produced due to the applied alternating EMF in an 
inductor lags behind in phase with the applied EMF by an 
angle rr/2. Equation-(5.155) gives the current amplitude of the 
alternating current produced in the inductor connected across 

ACEMF. 

In equation-(5.155) the term rolmust have unit of'ohm' for the 
equation-(5.155) to be dimensionally correct. This value roL is 

....... - -----,----~1.=95~1 

the ohmic opposition offered by an inductor in path of 
alternating current. This is called 'Inductive Reactance' of the 

inductor which is denoted by XL and given as 

... (5.156) 

Figure-5. 180 shows the time variation of AC EMF and current 
through an inductor of inductance L when it is subjected to the 

ACEMF. 

Figure 5.180 

5.11.4 Comparison of AC Circuit Elements 

In previous articles we've seen how a resistor, capacitor and an 
inductor behaves when connected across an AC EMF. In case 
of AC circuit a capacitor and an inductor also offers ohmic 
opposition which is called 'Reactance' of the circuit measured 
in unit of ohm and denoted by 'Q'. Unlike to the normal 
resistance of a resistor the reactance in AC circuit depends 
upon frequency as we've seen that both capacitive and 
inductive reactance are dependent upon frequency. 
Equation-(5.15 I) shows that capacitive reactance varies 
inversely with frequency of AC EMF whereas from 
equation-(5.156) shows that inductive reactance varies as 
directly proportional to the frequency. 

Figure-5.181 shows the variation curve of the resistance and 
reactance with frequency of AC source. 

R,X 

1 "'=-c roe 

. "' 

Figure 5.181 

As discussed in previous articles we've also discussed the 
phase relationship between EMF and supplied current for 
different circuit components. Same phase relationships can be 
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used in different AC circuits between potential difference and 
currentacrossAC components. Figure-5.182 shows a resistance 
through which an alternating current i flows. In this situation 
the potential difference across the resistance can be given as 

... (5.157) 

R 

A B 

Figure 5.182 

Students must keep in mind that in any type of AC circuit when 
an alternating current flows through a resistance then potential 
difference across the resistance and the current through it will 
always be in same phase. Figure-5.183 shows a capacitor through 
which an alternating current i flows. As we know the ohmic 
opposition or the reactance due to a capacitor in AC circuit is 
given as Xe = 1/roC the potential difference across the capacitor 
is given by Ohm's law as 

... (5.158) 

C 

A B 

Figure S.183 

For all types of AC circuits when an alternating current flows 
through a capacitor then the potential difference across it lags 
behind in phase with the current flowing through it by a phase 
angle ,r/2. Figure-5.184 shows an inductor through which an 
alternating current iflows. As we know the ohmic opposition or 
thereactance due to an inductorinAC circuit is given asXL = roL 
the potential difference across the inductor is given by Ohm's 
law as 

' A 

L 
'000000000000' 

Figure 5.184 

... (5.159) 

' B 

For all types of AC circuits when an alternating current flows 
through an inductor then the potential difference across it leads 
in phase over the current through it by a phase angle ,r/2. For 
any circuit component in AC circuit the potential difference can 
be calculated bythe above equations-(5.157), (5.158) and (5.159). 

5.11.5 Behaviour of L and Cat High and Low Frequency AC 

Equations-(5.151) and (5.156) gives the ohmic opposition or 
reactance offered by a capacitor and an inductor when AC is 
passes through these. For an inductor its reactance is given as 
XL = roL which is directly proportional to the frequency of 
applied AC thus as frequency of AC passing through an inductor 
increases its reactance also increases and at very high 
frequencies its XL is also very high and an inductor behaves 

Electromag_neti9 lrtdi.iciion and Alternating· Current J 

like an open circuit at very high frequencies as shown in 
figure-5. l 85(a). At very low frequencies XL may tend to negligible 
value and an inductor behaves like short ~ircuit as shown in 
figure-5. I 85(b ). 

XL= roL 

~ E -

At high frequences 
Open circuit 

(a) 

XL= ooL ~e------
At low frequencies 

Short circuit 

(b) 
Figure 5.185 

For a capacitor its reactance is given as Xe= 1/roC which is 
inversely proportional to frequency of applied AC so as 
frequency of AC passing through the capacitor increases its 
reactance decreases and at very high frequencies Xe may tend 
to negligible value and a capacitor behaves like short circuit as 
shown in figure-5.186(a). At very low frequencies Xe will be 
very high and a capacitor behaves like open circuit as shown in 
figure-5.186(b), 

I 
Xe= roe 

----H---- a -----~ 

At high frequencies 

(a) 

I 
X. =­c ooC 

Short circuit 

----H---- e -

At low frequencies 

(b) 
Figure S.186 

Open circuit 

5.11.6 LR Series Circuit Across an AC EMF 

Figure-5.187 shows a resistor ofresistance R in series with an 
inductor of inducatance L connected across an AC EMF. If at 
any instant current in circuit is i then KVL equation for the loop 
at that instant is written as 

=> 

-iR-L di +e sinrot=0 
dt O 

R 

e=e0 sin rot 

L 

Figure 5.187 

. .. (5.160) 
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Equation-(5.160) is a first order differential equation of which 
the solution is given as and ... (5.166) 

. rB,, J(e0 sinrotJ H''d C uJL = e t+ 
L 

!!'. (e0 sinrotJ !!'. 
ie' = J L e'dt+C 

!Y.. eo . !Y.. 
=> ie' =-zJsm©t·e'dt+C 

In above expression we can drop the last term C as it is not a 
periodic term and it will not contribute in alternating current so 
considering only alternating current we have 

!Y.. e !!:!.. e0 ie' = { J sinrot·e'dt = -zU,) ... (5.161) 

R, 

Thus above equation-(5.164) can be reduced as 

i= · e, [.JR' +ro'L' sin(rot-tan-
1 
(roL))] 

~+J~ R 

i= 
80 

sin(ro1-tan-
1
(roL)J 

..JR' +ro'L' R 

i=i0 sin(mt-$) 

Where the peak current i0 in circuit is given as 

e 
i = 0 

0 
..JR' +ro2L2 

... (5.167) 

... (5.168) 

... (5,169) 

In above equation the denominator is the total ohmic opposition 

Where 11 = J sinrot-eTdt 

Above integration 11 can be solved by-parts as 

L !!'. (L !!'.) 1
1 
= 11 sinrot·e' -J rocosrot· 11e' dt 

... (5.162) offered by LR circuit connected across the AC EMF which is 
called 'Impedance' of the AC circuit which is the resulting ohmic 
effect of the combination ofresistance ofresistor and inductive 
reactance of the inductor. So for a series RL circuit its impedance 

is given as 

L !Y..roL B!. 
=> I= -sinrot·e' --fcosrot·e'dt 

1 R R 

L !!'. roL [L !!'. roL !!'. ] => J=-sin©t·e' -- -cosrol·e' +-Jsinrot·e'dt 
1 R R R R 

L . !Y.. roL2 !Y.. ro2 L2 

=> I= -smrot·e' --cosro/·e' ---I 
I R R' R' 1 

- ---- / 1 =-smrot·eL --coscot-eL 
(

R'+ro'L'J L. !!'. roL' !!'. 
~ R' R R' 

• JU 

LeL 
2 2 2 

[Rsinrot-roLcosrot] 
R +ro L 

... (5.163) 

Substituting the value of 11 from above equation-(5.163) in 

equation-(5.161) gives 

. !); = ( / 8 !);2 2 [Rsinrot-roLcosrot]J 
ze R +@ L 

e 
i = R' + ~' L' [Rsin rot-©L cos rot] ... (5.164) 

In above equation substituting 

and 

R=Acos$ 

OJL=Asin$ 

A= ..JR'+ro2L2 ... (5.165) 

From equation-(5.168) we can see that the alternating current 
produced in a series LR circuit legs behind AC EMF by a phase 
angle $which is given by equation-(5.166). As we know due to 
a pure resistance AC EMF and current remain in same phase 
whereas due to a pure inductor current legs behind EMF by a 
phase angle rr/2. So when a pure resistance and an inductor are 
in series then due to the effect of both the current legs behind 
AC EMF but by an angle which is less than rc/2. 

Soon we will discuss a specific method of solving AC Circuits 
that is called 'Phasor Analysis' with which in a much simpler 
way we can determine the alternating current given in 
equation-(5.167) but students must understand the whole 
analysis we did in solving a series LR circuit to determine the 

alternating current in flowing in it. 

Figure-5.188 shows the variation of AC EMF and alternating 

current flowing through a series LR circuit. 

e 

-----.,.,.. .... ....... 

/ 
, __ 

Figure 5,188 
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5.11. 7 RC Series Circuit Across an AC EMF 

Figure-5.189 shows a resistor ofresistance R in series with a 
capacitor of capacitance C connected across an AC EMF. If at 
any instant current in circuit is i then KVL equation for the loop 
at that instant is written as 

-iR-!L + e sin rot =O 
C o 

Differentiating above equation, we get 

di ·(I) => dtR+ C i=e0rocosrot 

=> :: + (RIC}= e~ro ~os @I 

R f1 .._ __ 
+q'l-q 

e= e0 sin rot 

Figure 5.189 

... (5.170) 

Equation-(5.170) is a first order differential equation of which 
the solution is given as 

=> 

. J_!._,, -J(e,rocosrotJ /R~"d C ,e RC - e t+ I 
R 

. -'-- _ J(e,rocosait) ;cd C ,eRc _ R _ e t+ 1 

...!.... e co ...!.... 
ieRC = -t f COS ©t.eRC dt + C1 

In above expression we can drop the last term C1 as it is not a 
periodic term and it will not contribute in alternating current so 
considering only alternating current we have 

1 eco ...!.... em 
ieRC = -t J COS@t.e'Cd/ = -t(J,) ... (5.171) 

Where ' 11 = J cos mt.e•c dt ... (5.172) 

Above integration 11 can be solved by-parts as 

' ' ( ') 1, = RCcosmt.e•c + f rosin rt. RCeRC dt 

' ' => 11 = RCcosrot.eRc +roRCf sinrot.eRCdt 

=> 11 =RCcoswt.e-k +wRc[ RCsinwt.e-k -wRCJ coswt.e-kdt] 

Electromagn~fic Jn~~ctlon and Altematinll Ci!L~ti!J 

' ' => 1
1 
= RC cosmt.e•c +@R2C2 sinrot.e•c -ro2R2C21

1 

t t 

=> (l+ro2R2C2)11=RCcosrot·eRC +roR2C2 sinrot-eRC 

' RCe"ic 
=> 1

1
= 2 2 ,[cosrot+roRCsinrot] 

l+ro RC 
... (5.173) 

Substituting the value of 11 from above equation-(5.173) in 
equation-(5.171) gives 

[ ' J t e ro RCeRc 
ieRc = - 0

- 2 2 2 [cosrot+roRCsinrot] 
R l+ro RC 

=> i= e,~~ 2 [cosrot+roRCsinrot] ... (5.174) 
l+ro R C 

In above equation substituting 

I =Acoscj, 

and roRC = Asincj, 

=> 

and 

A= .J1+ro2R2C2 

cj,= tan-• (-
1 

) 
@RC 

Thus above equation-(5.174) can be reduced as 

... (5.175) 

... (5.176) 

=> i= eo,m~ 2 [.J1+ro
2
R

2
C

2 
sin(rot+tan-

1
(-'-))] 

1..-ro R C roRC 

=> i= --,,,=~====SID rot+tan --<'o • ( -1 ( I 'J) 
JR'+llro'c' roRC 

... (5.177) 

... (5.178) 

Where the peak current i0 in circuit is given as 

. e, 
l 
o ,/R' +1/ro2C2 

... (5.179) 

In above equation the denominator is the total ohmic opposition 
offered by RC circuit connected across the AC EMF which is 

the resulting ohmic opposition of the combination ofresistance 
ofresistor and inductive reactance of the capacitor. So for a 
series RC circuit its impedance is given as 

Z = ,/R' +II ro2C2 
RL 

From equation-(5.178) we can see that the alternating current 
produced in a series RC circuit leads AC EMF by a phase angle 
cj,which is given byeqnation-(5.176).As we know due to a pure 
resistance AC EMF and current remain in same phase whereas 
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due to a pure capacitor current leads EMF by a phase angle rr/2. 
So when a pure resistance and a capacitor are in series then due 
to the effect of both the current leads AC EMF but by an angle 
which is less than rr/2. 

Byusingphasor analysis we can simplify the above calculations 
which we did for calculation of current obtained in 
equation-(5.177). Figure-5.190 shows the variation of AC EMF 
and current through a series RC circuit. 

e 

Figure 5,190 

#Illustrative Example 5.67 

A 100 µF capacitor in series with a 400 resistor is connected to 
a l lOV-60Hz supply. What is the maximum current in the circuit? 
What is the time lag between current maxima and voltage 
maxima? 

Solution 

The peak current in a RC circuit is given as 

i = "o 
o J[Rz + (!/ roC)z] 

Peak voltage is given as 

In RC circuit, the voltage lags behind the current by phase 
angle <j,, where 

(II roC) I 
tan<j,= R = (376.Sx!0-4)(40) 

tan <j, =0.6635 

<j,= tan-I (0.6635) = 33.56° 

The time lag is given as 

t= 3:0xT = 3:0[7') 

33.56°( 1 ) · t = 360 
60 

= 1.55 X 1Q-3s 

# Illustrative Example 5. 68 

An electric lamp which runs at 40V and consumes I OA current 
is connected to AC mains at IOOV, 50Hz supply. Calculate the 
inductance of the required choke for lamp to glow at full 

brightness. 

Solution 

Resistance of the lamp is given as 

V 40 
R=-=-=40 

I 10 

Circuit current is given as 

E 
/--,==,==~ 

- J[R 2 +(roL)2] 

100 
10= ,======== 

J[(4)2 + (2 x3.14x50xL)2
] 

L=0.02916H 

# Illustrative Example 5.69 

In thefigure-5.191 shown thecurrentincircuitis i= IOe-41 A. 

Find VL and Vab. 

R=4'1 L=2H 

a 

Figure S.191 

Solution 

The voltage across the inductor is given as 

V = L di 
L dt 

d 
VL =(2) dt (10.-4~ 

V =-80e-41 
L 

b 

Writing equation of potential drop from point a to b gives 

di 
V-iR-L-=V 

a dt b 
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di 
V -'V =iR+ L-

a b dt 

# lllustrative Example 5. 70 

In the figure-5.192 shown, i 1 = loe-21A, i2 = 4A and 

Ve= 3e2'V. Find 

(a) iLand VL,also plotthetimefunctionsofiLand VL 

(b) v.,, Vab and v,,,, also plot their time dependence curves. 

a 

Solution 

i, i, 

0 
I, 

+ 
v, L=4H 

d 

Figure 5.192 

R2 =2n 
C 

(a) Charge stored in the capacitor at time tis given as 

q=CVe 

q = (2)(3e21_) 

q= 6e-21 C 

dq 
i = - =- lze-21 A 
' dt . 

Direction ofcurren tis from b to 0, Applying KCL at O gives 

iL =i1+i2 +i,,,; 10e-21 +4-12e21A 

iL =(4-2e-2t_)A 

iL =[2+2(1-e-2~]A 

iL versus time graph is as shown in figure-5.193. 

i,(A) 

4 ------------- ------· 

2:I'-------------

Figure 5.193 

V = V = L diL 
L . od dt 

V = (4)!!_(4-2e-21 )V 
L dt 

V =16e-21 V L 

VL versus time graph is as shown in figure-5.194, 

v,(VJ 
16 

Figure 5.194 

(b) Writing equation of potential drop from point a to c gives 

V0 -i1R1 + i,R2 = V, 

V-V=V=iR-ill a c ac l l Z"~ 

Substituting the values we get 

vac = (10e2~ (2)-(4) (3) 

Vac = (20e21- 12)V 

Time dependence curve of V., is shown in figure-5.195. 

8 

-12 ---------------

Figure 5.195 

Writing equation of potential drop from point a to b gives 

V.-i, R1 + Ve= Vb 

Substituting the values we get 

Vab = (lOe-2~ (2)-3e21V 

V = 17e21 V ab 

Time function curve ofV.b is shown in figure-5.196 
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V.,.(I') 

17 

Figure 5,196 

Writing equation of potential drop from point c to d gives 

V-i"-V=V c 2:'"'"2 L d 

Substituting the values we get 

V"' = ( 4)(3) + l 6e-2'V 

V,a=(l2+ 16e-2~v 

Time function curve of V"' is shown in figure-5.197. 

V.,(V) 

28•-----

Figure 5.197 

# lllustrative Example 5. 71 

When IOOV DC is applied across a solenoid, a steady current of 

IA flows in it. When 1 OOV AC is applied across the same 
solenoid, current drops to 0.5A. If the frequency of AC source 

· I50./3 H fi d h . d . h 1s -- z , m t e resistance an mductance of t e 

" solenoid, 

Solution 

Steady current through solenoid with DC source is given as 

E 100 
I= R =, R = I 

R=IO0Q 

L,R 

I 

'--------1'f--1 o'-'o'-v __ _J 

I 

Figure 5.198 

When AC is applied the current through the solenoid is given 

as 

e e 
i=-=---;:== 

z ~R2 +xz 

100 
--,====0.5 
~R2+xz 

L,R 

100V 

Figure 5.199 

X £ =40000- 10000= 30000 

XL= I00.,13Q 
I 

Inductive reactance is given as 

XL =roL 

L= XL = 100.,13_1!_ = 2_H 
OJ 27! 150.,13 3 

# Illustrative Example 5. 72 

In a circuit a resistance of 40Q and capacitor of capacitance 

1250 %µF areconnectedinseriesacrossa500V, 120HzACsource. 

Find the effective current in circuit and phase difference between 

current and source EMF. 

Solution 

Circuit impedance of a RC Circuit is given as 

z = li.+Xc 

Z=~R 2 +XZ; 

Capacitive reactance is given as 

I 1 
X ===--

c roe 2n/C 

X = 9nxl0
6 

Q 
C 27!(120)(1250) 

3xl06 

X =--=30Q 
c. 105 
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Circuit impedance is given as 

Z= ~(40)2 +(30)2 =50!1 

Thus circuit current is given as 

em,s 500 
i =-=-=JOA 
"'" Z 50 

Phase angle of Z phasor is given as 

,j,= tan-I(¾) =37° 

As in RC circuit current leads EMF so here current will lead 
EMF in phase by 37°. 

5.12 Phasor Analysis 

In the chapter of Simple Harmonic Motion (SHM) we've studied 
that instantaneous displacement of a particle in SHM can be 
represented by projection of tip ofa rotating vector at uniform 
angular speed on the diameter of circle in which the tip is 
moving. The uniform circular motion of the tip can be used to 
analyze instantaneous displacement and phase of the particle 
as shown in figure-5.200. Here the displacement of P'which is 
in SHM can be given as 

y=Asin(oot+a) 

Where a is the initial phase of the particle. 

y 

/ 
....... --

... (5.180) 

/ 
' ' ' ' ' 

y=Asin(rot+a) 

' 
\ I 
\ / 
\ / 
'\., __ ,," 

............ ______ .... --

X 

llla•n 5.2N 

Above equation-(5.180) is similar function with which we 
represent AC EMF and current so this method can also be used 
to represent such alternating circuit parameters for sinusoidal 
functions. Such rotating vectors which are used to represent 
AC circuit parameters are called • Phasors' and for time function 
and analysis AC circuits we used these phasors to represent 
the magnitude and phase of the circuit parameter. In general 

Electromagnetic- lnduciion-and Alternating Currani_] 

phasors are drawan in static manner only. Rotation is considered 
only when we need to analyze phase at an instant, in general for 
AC circuits it is not needed. With illustrations taken here it will 
be more clear. 

A phasor is denoted by placing a bar '-' over the symbol of 
physical quantity being represented along with its initial phase 
angle. If we consider yin equation-(5.180) represents a physical 
quantity of an AC circuit then its phasor is written as 

y=LLa ... (5.181) 

The diagrammatic representation of the static phasor as given 
by equation-(5.181) is shown in below figure-5.201. For 
diagrammatic representation the peak value ofa phasor is drawan 
as length of phasor and its phase angle ( also called as its 
'argument') is the angle from the reference axis in anticlockwise 
sense at which it is drawn as shown in below figure. 

Figure 5.201 

!fin an AC circuit an AC EMF is used for which time function is 
given as e = e0 sinOll then the phasor form of this AC EMF is 
written as 

... (5,182) 

The diagramatic representation of the EMF phasor as given by 
equation-(5.182) is shown in below figure-5.202. 

e, • 
e"=e~0° 

Figure S.202 

As discussed in previous articles generally we consider EMF 
as a reference and in different AC circuits we determine the 
phase lag or lead of current in the circuits so for a an alternating 
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current i = i0sin( rot+~) its phasor form is written as 

... (5.183) 

The diagrammatic representation of the current phasor as given 
byequation-(5.183) is shown in belowfigure-5.203. 

i= i,L~ 

Figure 5.203 

5.12.1 Standard Phasors for Resistances and Reactances in 
AC Circuits 

In any AC circuit EMF and current are time varying functions 
for which phasors can be considered as rotating vectors like 
SHM if the time phase analysis of these is required. For 
mathematical analysis of AC circuits we also define standard 
phasors for resistaoces, capacitors aod inductors with staodard 
values for their magnitude and phasor aogles. As resistances 
aod reactances in a given AC circuit are nqt time varying so 
their vectors are never considered as rotating vectors. Standard 
phasors corresponding to these are given below. 

(i) Standard Phasor for a Resistance : For a pure resistor of 
resistance R its phasor is written as 

Ji.= R L 0° ... (5.184) 

Diagrammatically it is represented as shown in figure--5.204. 

R 

R=RL0° 

Figure 5.204 

(ii) Standard Phasor for Capacitive Reactance: For a pure 
capacitor of capacitance Cits phasor for capacitive_reactaoce 
is written as 

- I 
X = - L(-rr/2) 
· C roC ... (5.185) 

Diagrammatically it is represented as shown in figure-5.205. 

x = - 1
- /-rt12 

C roC 

Figure 5.205 

(iii) Standard Phasor for Inductive Reactance : For a pure 
inductor of inductance L its phasor for inductive reactance is 
written as 

Xe= roLL(+rr/2) ... (5.186) 

Diagrammatically it is represented as shown in figure-5.206. 

x, 

roL 

x,= roL1+n12 

Figure 5.206 

In above equations-(5.184), (5.185) and (5.186) many times 
students get confuse about the phasor angles taken. Here the 
above values defined for phasor angles are standard values 
which are defined to aoalyze aod solve AC circuits so one should 
not think about the derivation or approach of these values. 
With different illustrations of these standard phasor values 
applications can be understood at good level. 

5.12.2 Phasor Algebra 

For calculations in different AC circuits some rules are defined 
according to which different circuit parameters are used in 
mathematical operations, set of such rules for solving and 
analysis of AC circuit studied under 'Phasor Algebra'. We will 
discuss some basic rules and applications in solving simple AC 
circuits here. For basic mathematical operations these rules are 
listed below in pointwise manner. 

(i) Phasors as Complex Numbers : For mathematical 
calculations phasors are treated like complex numbers with 
magnitude and argument and the diagrammatic representation 
of a phasor can be considered the representation of a complex 
number on argand plane with horizontal and vertical axes as 
real and imaginary axis of the argand plane. A specific phasor 

. --, .. 
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z with its magnitude z0 and argument a can be written as ZR= z1 +z2 

... (5.187) ~ zR =z10 La1+z20 La2 

Above phasor if treated as complex number its diagrammatic 

representation on argand plane is shown in figure-5.2O7 

z 

Figure 5.207 

In complex formequation-(5.187) can be written as 

Z =z
0 

cos a.+ jz0 sin a. 

(RJ 

... (5.188) 

In above equation-(5.188) first termz0cosais the real part cifthe 

complex number andz0sina is the imaginary part of the complex 

numberandj=+:i. 

Where [zR [ is the magnitude ofresultant phasor and 0 is its 
argument angle which can be calculated from figure-5.2O8 given 

as 

... (5.191) 

and 
_ _1 (z10 cosa.1 +z20 cosa.2 ) 

0-tan . . 
z10 sm a.1 + z20 sm a.2 

... (5.192) 

In the same we can calculate if two phasors are subtracted by 
changing the direction of second phases and adding it to the 

first. It is done in the same way we add or subtract vectors or 

complex numbers diagramatically. 

(iii) Product of 1\vo Phasors : When two phasors z1 and z2 

as given by equations-(5.189) and (5.190) are multiplied then in 

the product phasor will have magnitude given by the product 

of their individuaJ magnitudes and its argument angle will be 
given by the sum of the argument angles of the individual 

phasors as it is done in product of complex numbers. 

(ii) Addition of1\vo Phasors : When two phasors z1 and z2 ~ ... (5.193) 

are given as 

and 

... (5.189) 

... (5.190) 

Sum of the above two phasors can be done diagranunatically as 

shown in figure-5.2O8. 

Z2 -----------, ZR 
I 

I 
I 

Figure S.208 

I 
I 

I 
I 

I 
I 

Thus the resultant phasor which is the sum of the two phasors 

is given as 

(IV) Division of 1\vo Pbasors : When two phasors z1 and z2 
as given by equations-(5.189) and (5.190) are divided then in 

the resultant phasor it will have magnitude given by the division 
of their individual magnitudes and its argument angle will be 
given by the difference of the argument angles of the individual 

phasors as it is done in case of division of complex numbers. 

... (5.194) 

With the above basic rules we can analyze all types of simple 

AC Circuits however the above calculations can also be done 
by considering phasors in complex notation form as given in 

equation-(5.188) and for calculations real and imaginary parts 
can be separated and finally given again in form of magnitude 
argument form which can be transformed as time function 
whenever needed. 
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In next upcoming articles we will re-analyze the cases of AC 

Circuits in which different circuit components are connected 
across an AC EMF by using phasor analysis. 

5.12.3 Phasor Analysis of a Resistance Across an AC EMF 

Figure-5.209 shows a resistor resistance R is connected across 
an AC EMF. Using Ohm's law the phasor current through the 
circuit is given as 

e 
i =-= 

R 

e LO° 
i =-·-­RLO0 

- e, 
i = - LO"=i LO° R o ... (5.195) 

e 
i = Xe 

e LO° • 0 
I = 

(!/ roC)L(-it /2) 

- e, 
i = llroC L(+it!Z)=i0 L(+it!Z) ... (5.198) 

- 1 
Xe= coC L-rt/2 

Figure 5,211 

Using equation-(5.198) we can write the time function of the 

phasor current which is given as 

i = i0 sin (rot+it/2) 

Where 

... (5.199) 

... (5,200) 

Figure 5.209 Above equations are same as equations-(5.149) and (5.150) as 

discussed in article-5.11.2 but here these are obtained by using 
Using equation-(5.195) we can write the time function of the phasoranalysis. Figure-5.212 shows thephasordiagramofAC 

phasor current which is given as EMF and current through a pure capacitance . 

Where 
. e, 
•o=""i" 

... (5.196) 

... (5.197) 

Above equations are same as equations-(5.145) and (5.146) as 

discussed in article-5.1 I. 1 but here these are obtained by using 

phasor analysis. Figure-5.210 showsthepbasor diagram of AC 

EMF and current through a pure resistance. 

i, 

e, 

Figure 5.212 

5.12.5 Phasor Analysis of an Inductor Across an AC EMF 

Figure-5.213 shows an inductor of inductance L which is 

connected across an AC EMF. Using Ohm's law the phasor 
current through the circuit is given as 

Figure S.210 

5.12.4 Phasor Analysis of a Capacitor Across an AC EMF =:, 

Figure-5.211 shows a capacitor of capacitance C connected 
across an AC EMF. Using Ohm's law in phasor form, phasor =:, 

current in circuit is given as 

e 
i = x, 

_ e,LO° 
l = 

roLL(+it/2) 

-;- eo . 
1 = roL L (---it/2) = 10 L (-it/2) ... (5.201) 
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Xi, = roL L +rc/2 

Figure 5.213 

Using equation-(5.201) we can write the time function of the 
phasor current which is given as 

... (5.202) 

e1~1r~~~~~~-.r~~-u~o~ :anNtemaHn~11-~~§s 
of simple calculations we use rules of phasor algebra for 

calculations which will be clearly understood with the help of 

some illustrations. Figure-5.215 shows series combination ofa 

resistor ofresistance R with an inductor ofinductanceL. Here 

the impedance of the circuit across terminals A and B is giveri as 

z,. = R+XL 

z,. =RLO'+roLL(+rr/2) 

XL~ roLL(+w2) R ~ L0° 

Figure 5.215 

... (5.204) 

Where 

i = i 0 sin ( rot- rr/2) 

i =..:Q__ 
0 roL 

Above equation can be solve diagrammatically as shown in 

... (5.203) figure-5.216 where we add resistance phasor and inductive 

reactance phasor like vectors or complex numbers. 
Above equations are same as equations-(5.154) and (5.155) ~s 

discussed in article-5, 11.3 but here these are obtained by using 
phasor analysis. Figure-5 214 shows the phaser diagram of AC 
EMF and current through a pure inductor. 

e, 

;, 

Figure 5.214 

5.12.6 Impedance of an AC Circuit 

We've already discussed in brief that in an AC circuit total 

ohmic opposition offered by the circuit including its all 
resistances and reactances is called 'Impedance' of the circuit 
and it is denoted by 'Z' and its phaser is denoted by Z and 
measured in unit of'ohm'. In a circuit impedance is caused by 
either of its resistances or reactances. For purely resistive, 
capacitive and inductive circuits impedances are given as 

Purely Resistive Impedance 

Purely Capacitive Impedance Z = X c 

Purely Inductive Impedance Z = XL 

When different types of circuit components are connected in 

series or parallel then we calculate impedance of the circuit by 
using series and parallel combination of these components in 
the same way we used to calculate equivalent resistance for DC 

circuits. The only difference in case of AC circuits is that instead 

Figure 5.216 

From above figure-5.216, the magnitude of impedance phasor is 

given as 

Z= .JR2 +ro2L2 ... (5.205) 

The argument of the impedance phasor is given as 

... (5.206) 

Thus the impedance of the series LR circuit is given as 

... (5.207) 

Consider another circuit shown in figure-5.217 in which a resistor 
or resistance R is connected in parallel with an inductor of 

indnctance L. In this situation the impedance of the circuit is 
given as 

I I I 
~==+~ 
ZAB R XL 

I I 
~=--+-----
ZAB RLO' roLL(+rc/2) 
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=> 

A 

I 1 I 
~ = -R LO"+ -L L(-rd2) 
ZAB co 

L 

R 

Figure 5.217 

... (5.208) 

B 

Above equation can be diagrammatically solved for adding the 
two terms on theRHS of the equation as shown in figure-5.218. 

X, z,, 

Figure S.218 

From the above figure the magnitude of the reciprocal of 
impedance phasor is given as 

=> IJ_I = ~R
2

+alL
2 

ZAB RcoL 
... (5.209) 

The argument of the reciprocal of impedance phasor is given as 

20~.J 
5.12. 7 Phasor Analysis of Series RL Circuit Across AC EMF 

Figure-5.219 shows a series RLcircuit connected across an AC 
EMF. As already discussed in previous article, circuit impedance 

· in this case across AC EMF is given as 

Z AB = RL0° + col L (+ rd2) 

R = RLO' Ji,= roL/(+ •12) 

:~~-w.;=:-~--_,:_r_mll00llllloo,6l,ooo~ooi00'00] 

"e= e0 L0° 

Figure S.219 

Above equation is solved graphically as shown in figure-5.'.! ! 6 

which gives 

... (5.213) 

The current supplied by the AC EMF is given as 

=> 

0=-tan-1 (1/coL) =-tan-1 (.!i.) (5210) => II R roL ... . ~ e, L( t -1 (roL)) 
' = .JR' +ro'L' - an R ... (5.214) 

Thus reciprocal ofimpedance phasor is given as 

.J_ = .JR'+ro'L' L(-tan-1(.!i.)) 
ZAB RroL roL 

=> - RroL L( -1 ( R )) 
Z AB = ,j R' + ro' L' tan roL 

... (5.211) 

Above equation-(5.211) gives the impedance of the parallel LR 
circuit shown in figure-5.217. 

For any given AC circuit in which different circuit components 
are connected in some combination if it is connected across an 
AC EMF then alternating current supplied by the EMF can be 
given as 

... (5.212) 

Current phasor as given in equation-(5.214) can be written in 

time function as 

_ e0 • ( _1 (roL)) i = -,=====Sm rot - tan -
.JR' +ro'L' R 

... (5.215) 

=> i=i0 sin(rot-i!>) ... (5.216) 

e0 (roL) Wherei0 = .J 2 2 2 andij,=tan-1 R 
R +ro L 

Aboveequation-(5.215) is same as equation-(5.167) which was 

obtained by solving long calculations using Kirchhoff's law 
whereas in this case it is simply obtained by using phasor 
analysis without solving any differential equation. and 
integration . 
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5.il;.8 Phasor Analysis of Series RC CircuitAcrossAC EMF 

Figure-5.220 shows a series LR circuit connected across an AC 
EMF. The circuit impedance in this case across AC EMF is 
given as 

Z = R LO'+ _l_ L (-ir/2) 
AB roe 

- I 
Xe= roC L-rc/2 

ii=RL0° 

'-----{,. ?l 
e"" eo L0° 

Figure S.220 

Above equation is solved graphically as shown in figure-5.221 
which gives 

ZAB - R +--L -tan --- _ hi ( -I ( 1 )) 
ro2e2 Rroe 

Figure S.221 

The current supplied by the AC EMF is given as 

- e. i =-= z 

i 

~R'+-
1 L(-1an-1

(-
1 )) 

ro'C' Rroe 

... (5.217) 

Where i - e, and_..= tan-1 (-
1
-) 

0
- J 2 1 °" Rroe 

R +-,-, 
. roe 

Above equation-(5.219) is same as equation-(5.177) which was 
obtained by solving long calculations using Kirchhoff's law 
whereas in this case it is simply obtained by using phasor 
analysis without solving any differential equation and 
integration. 

5.12.9 Phasor Analysis of Series LC CircuitAcross AC EMF 

Figure-5.222 shows a series LC circuit connected across an AC 
EMF. The circuit impedance in this case across AC EMF is 
given as 

z ... = XL +Xe 

=> 
- 1 
z ... =roLL(+ir/2)+ roeL(-ir/2) 

Figure 5.222 

Above equation is solved graphically as shown in figure-5 .223. 
Considering roL > 1/roC gives 

ZAB = ( roL- role) L(+ir/2) ... (5.221) 

Figure S.223 

· · · (5-218) The current supplied by the AC EMF is given as 

Current phasor as given in equation-(5.218) can be written in 
time function as 

i= ~R':'_1_sin( rot+tan-'(R!e)) ... (5.219) 

ro'C' 

... (5.220) 

=> 

=> 

7 e 
i=-= 

z 

- e, 
i = ( l ) L(-rt/2) 

roL--
roe 

... (5.222) 
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Current phasor as given in equation-(5.222) can be written in 
time function as 

... (5.223) 

i = i0 sin(rot-7!12) ... (5.224) 

Where 

In case of an inductor in series with a capacitor across AC EMF 
always current is either lagging or leading in phase by an angle 
7!12 with EMF as phasors of capacitive or inductive reactance 
are in opposite directions. If capacitive reactance is more then 
current will lead EMF and if inductive reactance is more then 
current will lag behind EMF. 

5.12.10 Series RLC CircuitAcrossAC EMF 

Figure-5.224 shows a circuit in which R,L and e are connected 
in series across an AC EMF. In this case the circuit impedance 
is given as 

z,.= R+XL +Xe 

- 1 
ZAB =RL0'+OlLL(+w'2)+ roe L(-7!/2) 

Figure 5.224 

__ · __ __ • · __ '..' ~. · · · :2olfJ 
The current supplied by the AC EMF in above case is given as 

e 
i =-= z 

R' •( .,_ 
0

~ J L[ ~'[ -"~ic ]] 

'•( :-.'cJ +~·[ -'~ic ll ''"" 
Using above equation-(5.226) which gives the phasor current 
in seriesRLC circuit, we can write the time function of the current 
which is given as 

5.12.11 Phase Relations in Series RLC Circuit 

Figure-5.226 shows a series RLC components in a branch ofan 
AC circuit in which a current i flows. The impedance of the 
branch across terminals A and B is given as 

i • " R' •( _,_ ~ J L~"["'fc l {"") 
T R L C 

A B 
v, v, .i'c 

Figure 5.226 

Above equation is solved graphically as shown in figure-5.225 
in which we consider roL > I/roe which gives The potential difference across terminals A and B is given by 

z 
' ,_ 
'R 

Figure S.225 

Ohm's law as 

As in above equation-(5.228) we considered OlL > I/roe so in 
the circuit current will be lagging behind the potential difference. 
Actually the phase relation between the current and potential 
difference depends upon the frequency of AC EMF in above 
circuit. There are three cases in different situations. 

1 1 
Case-I: When OlL = - ~ ro = --

roe ../Le 
In this case 0 = 0 where 0 is the phase with which current will 
lag behind the potential difference across terminals A and B or 
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at the above frequency current and potential difference will be Solution 

in same phase. 

1 1 
Case-II: When roL > roC => ro > -./Lc 

In this case 8 is positive and current will lag behind the potential 

difference across terminals A andB. 

1 1 
Case-III: When roL < -C => ro < = 

, ro vLC 

In this case 8 is negative thus current will lead the potential 

difference across terminals A and B. 

Ifwe analyze the potential differences across each ofR, Land C 
and these are given as V,,, V, and Ve then we use 

... (5.229) 

As current T through all the three components is same the 
potential-difference across resistance V,, is in same phase with 

this current, potential difference across inductor V, will lead 
this current by an angle rr/2 and the potential difference across 

the resistance fc will lag behind this current by an angle rr/2. 

Figure-5.227 shows the phasors of current and potential 
differences in this circuit branch and by this we can write the 
relation in magnitudes of all the potential difference mentioned 
in equation-(5.229) which is in phasor form. 

... (5.230) 

Figure 5.227 

# Illustrative Example 5. 73 

1·,'· 

A 12n resistance and an inductance of0.05/rr Hwfo-;.negligible 

resistance are connected in series. Across the end of this circuit 

The impedance of the circuit is given as 

Z= J(R2 +ro2L2
) 

=> Z= J[R2 +(21tjL)2
] 

=> 

=> 

Z= J[(l2)2 +{2x3.14x50x(0.05/3.14)}2J 

Z= ~(144+25) = 13Q 

Current in the circuit is given as 

E 130 
i=-=-=IOA 

Z 13 

Potential difference across resistance is given as 

VR=iR=IOX 12=120V 

Inductive reactance of coil is given as 

XL =roL=21t/L 

Potential difference across inductance is given as 

# Illustrative Example 5. 7 4 

An AC source of angular frequency ro is fed across resistor R 
and a capacitor C in series. The current registered is i. If now 

the frequency ofthe source is changed to ro/3 but maintaining 
the same voltage, the current in the circuit is found to be halved. 

Calculate the ratio of reactance to resistance at the original 
frequency. 

Solution 

At angular frequency ro, the current in RC circuit is given as 

Enns 
... (5231) 

~iln frequency is changed to o>'3, the current is halved so we 

have'·,,, . /. 

irms _ Erms 

2 - l{R2 +l/(ro/3)2C2} 

is connected a 130V alternating voltage of frequency 50Hz. 

Calculate the alternating current in the circuit and potential => 
difference across the resistance and that across the inductance. 

... (5232) 
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From equation-(5.231) and(5.232), we have 

=> 
5 

3R2=-­
ro2C2 

2 

Thus the ratio ofreactance to resistance is given as 

# Illustrative Example 5. 75 

In a series RL circuit with L = 
175 

mH and R = 12Q an AC 
11 

source of emf e = I 30./iV, 50Hz is applied. Find the circuit 
impedance and phase difference ofEMF and current in circuit. 

Solution 

For a series RL circuit, impedance is given as 

z = R+XL 

=> Z= ~R2 +xi, 
Inductive reactance is given as 

XL =rol=27tFL 

=> X =2· - -50-m (
2L) 175 

L 7 II 

=> XL =5000x I0-5 =5Q 

Circuit impedance is calculated as 

Z= ~(12)2 +(5)2 

=> Z= ,JI44+25 = ..JI69 = 13Q 

With phase angle ofimpOOfil!ce ca\culated from phasor diagram, 
given as 

=> 

# Illustrative.Example 5. 76 

A coil has inductance 2.2/rc H and is joined in series with a 
resistance of220 n. An AC EMF 220V, 50 Hz is applied to it, find 
the wattless current in circuit. 

----- ~----~-2-11-1 
Solution 

In series RL circuit, impedance is given as 

Z=~R2 +Xi, 

X -------~,z 
L o 

' ' i 
' ' ' ' ' ' 

LL..-'-'~ ____ __,,i R 

Figure S.228 

Inductive reactance is given as 

x, =ml 

=> 

=> 

2.2 
x,=2it(50)x-;-

Xi =220Q 

As XL= R we have <j,=45° 

Circuit current is given as 

e 220 I 
i=-=--=-A 

Z 220.,fi .Ji 
Wattless current in AC circuit is given as 

iwL =isinq, 
I I 

jWL = .Ji X .Ji 

# lllustrative Example 5, 77 

I 
= -=05A 2 . 

A 200 km long telegraph wire has a capacitance of0.0 I 4 µF/km. 
Ifit carries an alternating .current of 50kHz, what should be the 

value of an inductance required to be connected in series so 
that impedance is minimum. 

Solution 

The total capacitance of telegraph line is given as 

C=0.014 x 200=2.8 µF=2.8 x !o-'iF 

For minimum impedance, we have 

I 
ml= roe 

I I 
L=-= 

ro
2C (2rcf)2 C 4rc2 f 2C 

I 
=> L= H 

4x(3.14)2 x(50x 103
)

2 x(2.8 x!0-6) 

=> L=0.36X I0-3=0.36mH 
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·Practice Exercise 5.6 

(i) A series circuit consists of a resistance of 15Q, an 

. inductance of0.08H and a capacitor of capacitance 30µE The 
applied voltage has a frequency of 500 rad/s. Doesthe current 
lead or lag the applied voltage and by what angle. 

[60.65° lead] . 

(iI1 An 220V AC voltage at a frequency of 40 cycles/s is 
applied to a circuit containing a pure inductance of0.0lH and 
a pure resistance of 6Q in series. Calculate 

(a) The current supplied by source 

(b) The potential difference across the resistance 

( c) The potential difference across the inductance 

(d) The time lag between maxima of current and EMF in 
circuit 

[(a) 33.83mA (b) 202.98V (c) 96.83V (d) 0.01579s] 

(iii) A box P and a coil Q are connected in series with an AC 
source of variable frequency. The EMF of source is constant 
at l0V: Box P contains a capacitance of lµF in series with a 
resistance of 32Q. Coil Q has a self inductance 4.9mH and a 
resistance of 68Q. The frequency is adjusted so that the 
maximum current flows in P and Q. Find the impedance of P 
and Q at -this frequency. Also find the voltage across P and Q 

respectively. 

[76Q, 98Q, 7.6V, 9.8V] 

(iv) An AC source is connected to two circuits as shown in 
figure-5.229. Obtain the current through resistance R at 
resonance in both the circuits. 

L C R R 

C 

'----<-,.c.V ___ ~ '----'-~,,-1------' 

(a) (b) 

Figure 5.229 

. Eleclro'!'agnetic lnduptl6n°and Alt¥.iallhg€\Jf~~tl 

(v) A resistance R, and inductance Land a capacitor Care 

all connected in series with an AC supply. The resistance is of 

16Q and for a given frequency, the inductive reactance of Lis 

24Q and capacitive reactance of C is 12Q. If the current in the 

circuit is 5A, find 

(a) The potential difference across R, Land C 

(b) The impedance of the circuit 

(c) The voltage of AC supply 

(d) The phase angle between current and voltage 

[(a) 80V, 120V, 60V (b) 20Q (c) l00V (d) 37°] 

(vi') A series circuit consists ofa resistance, inductance and 

capacitance. The applied voltage and the current at any instant 

are given as 

e = 141.4 cos (3001- 10°) 

and i=5cos(3000t-55°) 

The inductance is 0.0 lH. Calculate the values of the resistance 

and capacitance. 

[33.33µF] 

(vii) A circuit with R = 10Q in series with a parallel 

combination of L = 1.5H and C = 30µF is driven by a 230V 

supply of angular frequency 300 rad/s. 

(a) Find the impedance of the circuit. 

(b) What is the RMS value of total current? 

( c) What are the current amplirudes in the L and C arms of 

the circuit? 

(d) Howwill thecircuitbehaveatro= 11../Lc? 

[(a) 163.3Q (b) 1.414A (c) 0.653A, 2.64A (d) Circuit current becomes 

zero] 

(viii) A resistance of 1 on is joined in series with an inductance 

of 0.5H. What capacitance should be put in series with the 

combination to obtain the maximlll,1 current? What will be this 

maximum current? What will be the potential difference across 

the resistance, inductance and capacitance? The current is 
being supplied by 200\1, 50Hz AC mains. 

[20.24µF, 20A, 200V, 3142V, 3142V] 

(ix) In the circuit shown in figure-5.230 AC EMF is 

e = 10 cosl001tl. Find circuit impedance and the potential 

difference across points A and B when it is halfof the voltage of 

source at that instant. 
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A 

~-------1~1------~ 

e 

Figure S.230 

5. 13 Pow_er in AC Circuits 

In the chapter of current electricity we've studied that the power 
supplied by a source to the circuit is given .by the product of 

the EMF and the current supplied by the source. In DC circuits 

current and EMF remain constant in steady state but in AC 

circuits with time EMF and current continuously vary and 
depending upon the phase difference between EMF and the 

current their instantaneous values will be different for different 

circuits as phase relationship between EMF and current depend 
upon the type of circuit used so instantaneous power supplied 
by an AC source continuously vary with time thats why in AC 

circuits we analyze average power supplied by the AC source. 

5.13.1 Average Power in AC Circuits 

Figure-5.231 shows an AC Circuit in which an AC EMF is 

connected across an impedance Z which may be a combination 

of two or more components or a single component. The current 
in this circuit is given by Ohm's law as 

i 

e 
z 

Figure 5.231 

.. . (5,233) 

In this circuit instantaneous power supplied by the AC source 
can be given as 

P=ei 

·=> P=e0 sinrotxi0 sin(rot-~) 

=> P = e.;0 sin rot x (sin rot cos~ - cos rot sin~) 

=> P = e0i0 sin2 rot cos ~ - e.;0 sin rot cos ro/ sin ~ ... (5.234) 

Above equation-(5.234) gives the instantaneous power supplied 
by the AC source of which average value can be given by 
replacing the sinusoidal time functions on RHS of this equation 
by their average values which gives 

Pavg = e0i0 ( sin2 rot) cos~- eof0 (sin rot cos rot) sin~ 

=> p =e,i,(.!.)cos~-e0i0 (0)sin~ 
avg 2 

=> P -e i cos"' avg rms rms 'I' ... (5,235) 

Above equation-(5.235) gives the average power supplied by 
an AC source to the connected circuit. In general average is 
defined for one cycle or for large number of cycles or over a 
significant duration. The term of 'cos~' on RHS of 
equation-(5.235) is called 'Power Factor' of the AC circuit. Thus 
average power supplied to an AC circuit depends upon the 
phase difference between the AC EMF and the current supplied 
by the source. 

5.13.2 Wattless Current in AC Circuits 

If in a given AC circuit ~ is the phase difference between the 
applied EMF and the current then phasor diagram for EMF and 
current drawn is shown in figure-5.232 . 

Figure 5.232 
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In above figure we've resolved the current phasor in two 
components, one along the EMF and othernormal to it. For this 
·circuit the average power delivered by the AC source can be 

given as 

P avg= enns irms COS~ 

We can see in above expression of average power that it is due 
L 

to the current component iRMscost and there is no contribution 
of the current component iRMssinq, in average power supplied 
by the AC source so this current component 'iRMscosq,' is called 
'Watt/ess Current' oftheAC circuit. 

This wattless current does not have significance for calculation 
of average power in an AC circuit but for current calculations it 
is useful if mentioned specifically in some situation. 

. 5.13.3 Maximum Power in an AC Circuit 

As discussed in article-5.13.1 that average power supplied by 
an AC source to the circuit is given as 

P avg= erms inns cos<p 

In a given AC circuit RMS values of current and EMF can be 

related as 

. enns 
I =--
""' z 

Where Z is the circuit impedance across ti)e AC source. Using 

this average power can be written as 

e' 
p = -""-cosq, 

avg z 

With the change in phase difference between AC EMF and 
current in the circuit average power supplied changes. If in a 
circuitq,=O then in that circuit, impedance will bepurelyresistive 
(Z= R) and power supplied will be maximum which is given as 

--, M, •'{"M,"0 , '"'""T'.""\ 
Electrom"!l"~!ic __ hJ_duc)_l?/1 .~nd Alternating· Cll!!Jl,t!l j 

cycle power is negative so these components do not contribute 
in power consumption per cycle independently but due to 
reactive components of circuit, the circuit impedance and phase 
relationship between applied EMF and current changes thus 
overall power supplied by the source is affected. 

5.13.4 Resonance in Series RLC Circuit 

For a series RLC circuit we've studied the phasor analysis in 
article-5.12.10 and 5. 12.11. The current amplitude supplied by 
the AC source in series RLC circuit is given as 

In above equation we can.see that i0 will be maximum when in 
denominator XL= Xe which occurs at a specific frequency for a 
specific circuit which is given as 

I 
ro= ../Le ... (5,237) 

At above frequency Z= R, q,=O and circuit impedance becomes 
minimum and behave as a pure resistive impedance at which 
circuit current becomes maximum which is given as 

. e, 
l =-
0 R ... (5,238) 

At above frequency given by equation-(5.237) the current as 
well as power supplied by the AC source to the circuit becomes 
maximum and circuit impedance is purely resistive. This state is 
called 'Resonance' or 'Resonating State' of AC circuit and the 
frequency given by equation-(5.237) at which it occurs is called 
'Resonating Frequency'. 

5.13.5 Variation of Current with Frequency in Series RLC 
Circuit 

e' 
P =i e =i2 R=~ 

avg rms nns ,,,,, R · · · (5.236) In series RLC circuit the RMS current is given as 

Thus when <I>= 0 then in the circuit capacitive r.eactance and 
inductive reactance nullify the effect of each other and circuit 
behave as a purely resistive circuit across AC EMF. 

!fin a circuit q,= ± rc/2 then the circuit impedance will be either 
purely capacitive or purely inductive and in this case average 
power supplied_ by the AC source will be zero. It is to be noted 
that in AC circuits inductors and capacitors never consume 
any average power. This is because in one half cycle for reactive 
components of AC circuits power is positive and for other half 

In previous article we've discussed that at resonating frequency 
the current and power supplied in circuit becomes maximum 
thus at frequencies below and above the resonating frequency 
current will be Jess than maximum of which the variation is 
shown in figure-5.233. 
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In AC circuits power consumed is only by the resistance of 
circuit as average power consumed by inductor and capacitor 
is always zero. Thus power ofan AC Circuit is given as 

P avg= irms erms cos 4> 

p - ., z ,I, 
avg-'= cos't' 

p - ., R 
avg - 111llS ... (5.239) 

--+-----+---------•ro Power is maximum when current is maximum at resonant 
frequency which is given as 

Figure 5.233 

The resonating frequency at which current and power in circuit 
becomes maximum as shown above is given as 

It is already discussed when frequency of AC source is/= /R 
then <i>= 0 and circuit impedance is purely resistive with current 
approaches to maximum value. When/ </R circuit impedance 
behave as combination of resistance and capacitance and <I> is 
positive in this case and current leads EMF and when/> /R 
circuit impedance behave as combination of resistance and 
inductance and <I> is negative so in this case current lags behind 
EMF. 

5.13.6 Half Power Frequencies In Series RLC Circuit 

As discussed in previous article that current and power in series 
RLC circuit are maximum at resonant frequency given by 
equation-(5.237). In the graph shown in figure-5.233 on the two 
sides ofresonant frequency there are two side frequencies o,

1 
and o,2 at which power supplied is halfofthe maximum power. 
These frequencies are shown in figure-5.234. 

' ' ' ' ' ' ' ' ' ------,-------
' ' ' ' ' ' ' ' ' I · I I 

' ' ' ' ' ' I I I• 

' ' ' ' ' ' I I .6_(1) I 

Figure 5.234 

P = i2 R m m 

When frequency is deviated from the resonant frequency power 
in circuit decreases and when power is reduced to half then 
current in circuit is called half power current which is given as 

The range of frequencies o,1 to o,2 at which the power in circuit 
is more than half of maximum is called 'Circuit Bandwidth' 
which is given as 

5.13. 7 Bandwidth for a Series RLC Circuit 

The effective current in a series RLC circuit is given as 

• enns '= = z ... (5,240) 

At maximum power in circuit we've discussed that Z = R thus 
we use 

Half power current is given as 

' im 
'hp= .Jz 

... (5,241) 

From equations-(197) and (198) we can see that at half power 
frequency we have 

Z=./zR 

For Series RLC circuit impedance is given as 

Z= .JR' +X' =./zR 

X=±R 

... (5.242) 

·---~ 

... (5,243) 

_ ... (5.244) 
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There are two quadratic equations in equation-(5.244) for the 
'+'and'-' signs on theRHS of the equation. Positive sign will 
correspond to positive reactance of series RLC circuit in which 
current will lag behind the EMF so for the right side half power 
frequency ro2 we use positive sign and similarly negative sign 
correspond to negative reactance of series RLC circuit in which 
current will lead the EMF so for the left side half power frequency 
ro1 we use negative sign. 

For ro1 we use 

I 
©L-- =-R 

roe 

Solving the above equation gives 

R 
ro =--+ 1 2L 

Forro2 we use 

I 
©L- -=+R 

roe 

R2 I 
-+-
4L2 LC 

Solving the above equation gives 

R 
ro = -+ 2 2L 

R2 I 
-+-
4L2 LC 

... (5.245) 

... (5.246) 

... (5.247) 

... (5.248) 

From equations-(5.246) and (5.248) bandwidth of series RLC 
circuit is given as 

R 
ilill = ro - ro = -

2 I L ... (5.249) 

5.13.8 Quality Factor of Series RLC Circuit 

The ratio of energy stored in circuit to the energy loss per cycle 
at resonance in an AC circuit is defined as 'Quality Factor' or 
'Q-Factor' of the circuit. This is given as 

/ Maximum Energy Stored per Cycle 
Q = Energy Loss per Cycle · 

It is numerically calculated as 1?,eratio ofresonating frequency 
to the circuit bandwidth wi\ich is given as 

I 
roR 

Q=-
Aro 

... (5.250) 

For series RLC circuit we substitute the values of resoi:iating 
frequency and bandwidth which gives 

roRL 
Q=­

R 

=> ... (5.251) 

Above equation-(5.251) gives the Q-factor for a series RLC 
circuit whereas equation-(5.250) gives the general function for 
Q-factor for any AC circuit. 

5.13.9 Selectivity of a _Resonance Circuit 

Resonance circuits are used to respond selective signals of 
some specific frequency in communication systems. If in a circuit 
resonance is having a narrow peak at the chosen frequency 
then the circuit is called 'Highly Selective'. Figure-5.235 shows 
the current variation with frequency for three different circuits 
named I, 2 and 3. For circuit-I at the same resonant frequency 
bandwidth is less and the curve is narrow compared to circuit-2 
and 3 so in very short neighbourhood of the circuit, the power 
drops to a level below half power level and because of this, its 
Q-factor is high and this circuit is said to have 'Selectivity' 
more than circuit-2 and 3. Circuit-3 has higher bandwidth at 
same resonance frequency in which to a far variation of 
frequency away from the resonance frequency, circuit power is 
not going below the half power level so the frequency band 
upto its half power frequencies is blocked by this channel only 
so this is said to be a 'Poorly Selective' circuit. Indirectly we 
can say that selectivity is a qualitative term and Q-factor is a 
quantitative term used to analyze the suitabilityofcircuit to be 
used for a communication system. 

Figure 5.235 

5.13.10 Parallel RLC Circuit 

Figure-5.236 shows combination ofa resistance, capacitance 
and an inductor connected in parallel across an AC source. In 
series RLC circuit we've studied that for all components current 
remains same and applied EMF is divided across all components 
in phasor form. In this case the applied potential difference is 
same across all components and current is divided in the three 
components which can be given as 

... (5,252) 
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e ,._.., R x, 

Figure 5,236 

In above case the total current supplied by the AC source will 
not be the mathematical sum of the three currents through the 
three components as the phase of the three currents will differ. 
As the applied voltage is same to all, the current through 
resistance will be in same phase as that of the applied voltage, 
the cnrrent in inductor will lag behind the applied voltage by 
90° and current in capacitor will lead the applied voltage by 90°. 
Ifthereference phase is taken from EMF then equation-(5.252) 
can be rewritten in phasor forms using the phasor diagram as 
shown in figure-5.237 ofcurrents as 

... (5.253) 

e 

;, 

Figure S.237 

Thus phasor sum of the three currents in parallel RLC circuit 
can be given for their magnitudes as 

. l' (" . )' i=iR + lc-lL ... (5.254) 

Impedance in parallel RLC Circuit can be given as 

l 1 I I 
===+=+= 
Z R X, Xe 

I I --::----=::-:: I 
~ z = RL0° + roLL90c + II @CL -90° 

.!. = .!. L0° +-1-L -90° + -
1
-L90° ~ z R roL 1/roC 

(!)'+(roe- :LJ 

~ z 

Thus cnrrent in parallel RLC Circuit can be given as 

; = !.. = e (.!.)' +(roe-=
1 

)
2 

Z . R roL 

For the above current the frequency response curve is shown 
in figure-5.238. Here we can see that the frequency at which 
capacitive and inductive reactance are equal and impedance is 
purelyresistive, the current in circuit is minimum. Such a circuit 
is called 'Rejector Circuit' in which at a specific frequency the 
power supplied or current from the source is minimum. This 
state is called resonance of parallel RLC circnit and the resonant 
frequency °'Ris given as 

1 
ro C--=0 

R roRL 

I 
°'R= .fie 

--+-------,~---,------+ro 
O)R 

Figure 5.238 

# ll/ustrative Example 5. 78 

A 750Hz, 20V source is connected to a resistance of!00O, an 
inductance of0.1803H and a capacitance of I0µF in series. 
Calculate the time in which the resistance which has thermal 
capacity 2 J/°C will get heated by 10°C. 

Solution 

The inductive and capacitive reactance are given as 

XL =@L "'.(2 X 3.J4X 750) X 0.J8Q3=85QO 

1 
Xe= roC = (2x3.!4x750)x(!0-5) = 21.20 
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Impedance of series RLC circuit is given as 

~ Z= J[(I00)2 +(850-21.2)2
] =835Q 

Power dissipated in circuit is given as 

P=E xJ xcos" mis mis 'f' 

Where power factor is given as 

R 
cos$= -z 

R 
P=E xJ x -

nn., nn., z 

(E,=) R P=E X -- x-
nns Z Z 

E 2 xR P= mis z2 
(20)2 x!00 

P= ~~~ =0.0574W 
(835)2 

Heat produced in resistance to raise its temperature by I 0°C is 

given as 

H=2J/°Cx 10°C=20J 

If this heat is produced in t s then we use 

Pt=20J 

20 
t= 0.0574 =384s 

# lllustrative Example 5. 79 

A choke coil is needed to operate an arc lamp at 160V, S0Hz AC 
supply. The arc lamp has an effective resistance of SQ when 

running at I 0A. Calculate the inductance of the choke coil if 
the same arc lamp is to be operated on 160V DC supply, what 

additional resfatance is required. Compare the power losses in 

both cases. 

Solution 

The effective current through the circuit with lamp and choke 

coil in series is given as 

160 
10 = ,======cc= 

J[25+(21tx50L)2
] 

160 

!O= J[25+(1007tL)2 ] 

J[25 + (1007tL)2
] = 16 

25 + (1007t)2 L2 =256 

25+ HP L2 =256 

231 
£2 = -5 =23J X JO-S 

10 

L=0.048H 

For I 60V DC if RA be the additional resistance, then we _have 

160 
10=---

(RA +5) 

Additional resistance required is given as 

RA= 16-5= llQ .. 

AC power consumed by the circuit is given as 

P= E,.,, Inn, cos$ 

The power factor of circuit is given as 

R R 
~s $ = Z = 'J,=[R=2=+=( co=L=)2=] 

5 5 
cos$= .,/25+231 = 16 

-~- Pao= 160 X 10 X (5/!6)=S00W 

Across DC supply the power loss is given as 

Pde= 160 X 10= 1600W 

# lllustrative Example 5.80 

An inductor of2H, capacitance 18µF and a resistance of!0kQ 
are connected in series to an AC source of20.V with adjnstable 
frequency. At what frequency the current in circuit will be 
maximum and what will be this maximum current. 

Solution 

If i is maximum current at Resonance in series RLC circuit, the 
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resonant frequency is given as 

1 I 

h_= 21t-.JLC = 21t~2x18x10-6 

1 3 250 
f, = -xl0 Hz= -Hz 
R 121' 31t 

=> 

Maximum current in circuit is given as 

e 20 
i = - = ---=2mA 
nm R !Oxl03 

# Illustrative Example 5.81 

A series RLe circuit with I 00Q resistance is connected to an 
AC source of 200V and angular frequency 300rad/s. When 
only the capacitance is removed, the current lags behind the 
voltage by 60°. When only the inductance is removed, the 
current leads the voltage by 60°. Calculate the current and 
power dissipated in RLe circuit. 

Sol11tion 

As per given condition in RLC circuit we have 

roL 

and 

=> 

tan6o= R 

11 roe 
tan60=-­

R 

I 
roL=­

roe 

Impedance of circuit is given as 

Current in the circuit is given as 

V. v. 200 
1 =- =- =-=2A 
o Z R 100 

Average power dissipated in circuit is given as 

- I p = -V010 cos$ 
2 

- I p =-x200x2x1=200W 
2 

# Illustrative Example 5. 82 

A RLe series circuit has L = 1 0mH, R = 3Q and 
e = 1 µF connected in series to a source of 15cosrot volt. 
Calculate the current amplitude and the average power 

---- ..• · 219~ 

dissipated per cycle at a frequency that is I 0% lower than the 
resonant frequency. 

Sol11tion 

Resonant frequency of circuit is given as 

=> ro = ----:----,---- = 104rad/s 
( I J 

R (!0x10-3)(1xl0-6) 

10% less frequency of above resonant frequency is given as 

10 
ro=104 -J04 X -=9X !03rad/s 

100 

At this frequency, the reactances are given as 

Xi =roL=9 x 103 x (10 x 10-3)=90Q 

and 
l I 

X = - = ----c-----,-- 11.1 lQ 
c roe (9 x 103 )(! x 10-') 

=> Z= ~[R2 +(90-!l.!1)2 ] =2!.32Q 

Current amplitude is given as 

Average power consumed by circuit is given as 

1 
P= -EI cos$ 2 0 0 

Power factor oftbe circuit is given as 

R 3 
cos$= z = 21.32 =0.141 

I 
P= 2 x 15 x0.704 x 0.141 =0.744W 

# Illustrative Example 5. 83 

In an AC circuit EMF applied is e = 5sinrot due to which a 
current i = 3cosrot flows in circuit. Find the average power 
dissipated in the circuit. 

Solution 

From the given information we can see that the phase difference 
between EMF and the current supplied is ,r/2 so the circuit 
impedance is reactive for which the average power dissipated 

in circuit will be zero. 
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# Illustrative Example 5. 84 

A current of 4A flows in a coil when connected to a 12V DC 
sonrce. If the same coil is connected to a 132V, 50 rad/s, AC 
source, a current of 2.4A flows in the circuit. Determine the 
inductance of the coil. Also find the power developed in the 
circuit ifa 2500µF capacitor is connected in series with the coil. 

Solution 

When the coil is connected to a DC source, its resistance R is 

given as 

V 12 
R=-=-=3Q 

I 4 

When it is connected to AC source, the impedance Z of the coil 
is given as 

V nns 12 
Z=-=-=5Q 

Inns 2.4 

For a coil its impedance is given as 

Z= J[R2 +(roL)2] 

5= J[(3)2 +(50£)2
] 

=> 25=[(3)2+(50£)2] 

L=0.08H 

When the coil is connected with a condenser in series, its 

impedance Z' is given by 

Z'= (3)2 + 50+ 0.8 I [ ( )
2]1/2 

50x2500x!0-,; 

=> Z'=5Q 

Average power developed in circuit is given as 

P= vmlS X Inns X cos q> 

Where power factor ofcircuit is given as 

R 3 
cos$= Z' = S =0.6 

P= 12 x2.4 x 0.6= 17.28W 

". ... ~,, . ., = ':'':·o.,-· ---~----. -s~TI!r:::ri 
.Elec!_r~ag.rie_tic l9d~fliQ~:and Alternating: 0~: -

5.14 Transformer 

A transformer is a device used to increase or decrease AC voltage 
by using the concept of mutual induction between two coils. 
Figure-5.239 shows a transformer in which on a soft iron core 
two coils are wound named 'Primary Coil' and 'Secondary 
Coil' of the transformer. These are also called 'P-Coil' and 
'S-Coil' of transformer. Primary coil of transformer is considered 
as input coil at which an AC source is connected of which the 
voltage is to be increased or decreased and secondary coil is 
considered as output coil from which desired output voltage is 
taken out. Figure-5.239(b) shows a three dimensional view of 
transformer for understanding its structure. 

Soft Iron core 

i,(t) 

- e1(1) 

Soft Iron core 

Magnetic flux 

(a) 

(b) 
Figure 5,239 

i,(1) 

When an AC source ofEMF e(t) is connected across the primary 
coil of the transformer which is considered to be supplying a 
current ii(t) in primary coil as shown in figure. This current 
produces a total magnetic flux cj,(I) in the core of transformer. If 
N 1 and N2 are the total number of turns in primary and secondary 
coils then the magnetic flux linked with primary coil.t; and /2 are 
given as 

and 

$i =Ni'j,(t) 

4>, = N2cj,(t) 

Due to above time varying magnetic flux linked with the two 
coils of transformer the EMF induced in the two coils are given 
as 
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and 

e = dq,, =N dij,(t) 
I dt I dt 

dq,, dij,(t) 
e =-=N~-

2 dt 2 dt 

Dividing equations-(5.255) and (5.256) gives 

... (5.255) 

... (5.256) 

... (5.257) 

Above equation-(5 .257) which relates the EMFs in primary and 
secondary coils with their number of turns is called' Transformer 
Equation'. 

5.14.1 Power Relations in a Transformer 

Figure-5.240 shows a transformer with AC source of EMF e1 
connected at primary coil and supplying a current i I into it. 

From secondary coil a load resistance R is connected across 
which the EMF induced is e2 and current through it is i2. 

e, e, R 

2211 

power losses is PL then power equation is written as 

5.14.2 Types ofl'ransformers 

Depending upon the output voltage of a transformer it is 
classified in two categories - 'Step-up Transformers' and 'Step­
down Transfonners'. 

Step-up Transformer : In step-up transformer the output 
voltage at secondary coil is more than voltage applied at primary 
coil. As e2 > e I in a step-up transformer then from transformer 
equation we get N2 > N1 and from ideal power equation we get 

i2 < iI. 

Ste(rdown Transformer : In step-down transformer the output 
voltage at secondary coil is less than voltage applied at primary 

coil. As e2 < e1 in a step-down transformer then from transformer 
equation we get N2 < N1 and from ideal power equation we get 

i2 > i1. 

5.14.3 Losses in Transformers 

There are two types of power losses occur in transformer when 

its operating. These are - 'Copper Losses' and 'Iron Losses'. 
We will discuss both of these in some details. 

Copper Losses in Transformer : These are dissipation losses 
in primary and secondary coils of transformer due to the 

Figure 5.240 resistance of coil windings. If resistance of the primary and 
secondary coil ofa transformer are R, and Rs and current in the 

In above situation the power supplied at primary coil of two coils are i, and is then total copper losses in a transformer 

transformer by AC source is given as circuit are given as 

... (5.258) 

At the secondary coil power delivered to the load resistance is 

given as 

... (5.259) 

For an ideal transformer energy losses are neglected so we 

have by conservation of energy 

... (5.260) 

Using transformer equation, above equation-(5.260) can be 

rewritten as 

... (5.261) 

Above equation-(5.261) is called 'Ideal Power Equation' ofa 

transformer. In case of power losses in a transformer if total 

... (5.263) 

Copper losses in a transformer can only be reduced by proper 
selection oflow resistance windings . 

Iron Losses in Transformer: These are the dissipation losses 
in the core of transformer due to eddy currents. As time varying 

magnetic field continuously exist in the core of transformer due 

to which in all the cross sectional planes of the core eddy 
currents develop and produces heat. There is no direct 
mathematical way to analyze iron losses in a transformer. If P Tis 
the total power losses in a transformer then iron losses can be 
calculated by subtracting copper losses from it which is given 

as 

... (5.264) 

To reduce iron losses we can break eddy currents by making 

the transformer core by joining laminated soft iron thin sheets 
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instead ofusing a solid soft iron core. Figure-5.241 (a) shows a 
solid transformer core and figure-5.24l(b) shows a transformer 

core which is made up of joining thin laminated sheets. In solid 

core crossection eddy currents flow in larger paths as shown in 

figure-5.242(a) which causes severe losses whereas 
figure-5.242(b) shows the cross section of a core made up of 
laminated sheet in which eddy currents are restricted within the 
cross sections of thin sheets as lamination does not allow 
conduction between the sheets due to which eddy current 

losses are reduced. 

~......, __________ ~.::,., 

Hr> 

(a) 

(b) 
Figure 5,241 

(a) 

(b) 
Figure S.242 

5.14.4 Efficiency ofa Transformer 

Due to power losses in a transformer its efficiency decreases 
and due to losses the power output taken from the secondary 
coil of the transformer is less than the power input at the primary 
coil. The efficiency of a transformer is given as 

= Power Delivered at S -Coil x 
1 
00% 

fl Power Supplied at P- Coil 

esis 100" fl= -_-x ,. 
epzp 

... (5.265) 

... (5.266) 

In case of an ideal transformer power losses are considered 

zero so for PL =0 wehavef1 = 100%. 

# Rlustrative Example 5. 85 

An ideal transformer has 50 turns in its primary winding and 

25 turns in its secondary winding. If the current in the 
secondary winding in 4A what is the current in primarywinding 
ifa 200V AC is applied across it? 

Solutio11 

With theratio of turns in primary to secondary winding it is a 

2: I step down transformer for which by transformer equation 
we have 

N, 
e = -· xe 

s NP P 

25 
e =-x200=!00V 
' 50 

Power equation ofideal transformer gives 
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=> 
e,is 100 x 4 

i =-=--=2A 
P eP 200 

# lllustrative Example 5.86 

An ideal power transformer is used to step up an alternating 
EMF of220V to4.4kV totransmit0.6kW of power. If the primary 

coil has 1000 turns, find 

(a) The number of turns in the secondary coil 

(b) The current rating of the secondary 

Solution 

(a) By transformer equation we have 

e, N N=-X 
' e P p 

=> (
4.4x!OOO) N, = 

220 
x 1000 = 20000 turns 

(b) Power supplied at primary coil is given as 

i e =6.6 x 103W 
p p 

. = 6.6xl0' =30A 
=> 1

P 220 

For an ideal transformer we use 

i, _ N, _ ( 1000 ) _ __!__ 
i, - N, - 20,000 - 20 

=> i,=(;0xip)=l.5A 
# Rlustrative Example 5.87 

A transformer has turns ratio N /NP= 4. If a 200V AC voltage is 
applied across its primary and it carries IA current, find current 
in circuit connected to secondary coil if transformer is 80% 

efficient. 

Solution 

Power supplied at primary coil is 

P
1
=e

1
i1=200x 1=200W 

Voltage across secondary coil is 

N2 
e2=e1x N, =200x4=800V 

In the given conditions power losses are 20% 

20 
=> Pi=200x lOO =40W 

Power available at secondary coil is 

=> 

=> 

P2 =200-40= 160W 

P2 =ei2 =160W 

160 
i2 = 800 =0.2A 

# Illustrative Example 5.88 

In a transformer there are 10000 turns in primary coil and 

25000 turns in secondary coil. AnAC EMF e = 50sin1ll is applied 

across primary coil, find the peak EMF across secondary coil in 

ideal conditions. 

Solution 

As per given turns ratio, this is a I :2.5 step up transformer. 

Using transformer equation we have 

!:!. N1 
e2 N2 

N2 25000 
e =-xe=--x50V 

2 N1 
1 10000 

=> e2 =125V 
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Practice Exercise 5. 7 

(l) A series LCR circuit containing a resistance of 120n 
has resonant frequency 4 x I 05 rad/s. At resonance the voltage 

across resistance and inductance area 60V and 40V respectively. 
Find the values of Land C and at what frequency the current in 

the circuit lags the voltage by 45°? 
I 

[2 x !o-'H, 
32 

µF. 8 x IO'rad/s] 

(ii) 2000V- 200V, 20kVA transformer has 66 turns in the 
secondary. Calculate the primary and secondary full-load 

current, neglect power losses in transformer. 

[IOA, IOOA] 

(iii) A circuit draws a power of550W from a source of220 V, 
50Hz. The power factor of the circuit is 0.8 and the current lags 
in phase behind the potential difference. To make the power 
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factn, of the circuit as 1.0, what capacitance is needed to be 
connected in series with it. 

[75µFJ 

(w) A series RLC circuit with inductance 0.12H, capacitance 
480nF and resistance 230 is connected to a 230V variable 
frequency supply. 

(a) What is the s~urce frequency for which current 
amplitude is maximum? Find the maximum value. 

(b) What is the source frequency for which average power 

absorbed by the circuit is maximum? Obtain the value of 
maximum power. 

(c) For which angular frequencies of the source, the power 
transferred to the circuit is half of the power at resonant 
frequency? 

(d) What is the Q factor of the circuit? 

[(a) 663.5Hz, 14.14A (b) 663.5Hz, 23OOW (c) 4263rad/s, 4O71rad/s, 
(d) 21.74] 

{v) A 20V, SW lamp is used on AC mains of220V, 50Hz. 
Calculate the (a) capacitance {b) inductance to be put in series 
to run the lamp at its peak brightness. (c) How much pure 
resistance should be included in place of the above devices so 

that the lamp can run on its peak brightness. (d) Which of the 
above arrangements will be more economical and why? 

[(a) 4.OµF (b) 2.53H (c) 72OQ; (d) Using Lor C will be more economical] 

(vi) An inductor coil, a capacitor and an AC source of24V 
are connected in series. When the frequency of the source is 

varied, a maximum current of 6A is observed. If the inductor coil 
is connected to a battery of emf 12V and internal resistance 40, 
what will be steady state current through battery. 

[l.5A] 

(vii) In a step down transformer having primary to secondary 

turn ratio 20 : 1, the input voltage applied is 250V and output 
current is SA. Assuming I 00% efficiency, calculate 

(a) Voltage across secondary coil 

(b) 

(c) 

Efectr?mag.n~tiC)!]?_UC!i()n and Alternatlrig'.Ot1,[8j!] 

Current in primary coil 

Power output 

[(a) 12.5V (b) O.4A (c) IOOW] 

(viii) A box contains L, C and R. When 250V DC voltage is 
applied to the terminals of the box, a current of!A flows in the 
circuit. When an AC source of250V, 2250 rad/sis applied across 

the box, a current of l.25A flows through it. It is observed that 
the current rises with frequency and becomes maximum at 

4500rad/s. Find the values of L, C and R in the box. Also draw 
the circuit diagram. 

4 
[25OQ, I µF, Bl HJ 

(ix) In a series LCR circuit R = 1200 and it has resonant 
frequency 4000 rad/sec. At resonance, the voltage across 

resistance and inductance is 60V and 40V respectively. Find the 
value of L and C in circuit. 

25 
[2OmH, B µFJ 

(x) A transformer has 200 turns in primary coil and 600 turns 
in secondary coil. If a 220V DC is applied across primary coil 
what will be the voltage across secondary coil. 

[OJ 

{xi) A transformer is used to light a 140W, 24V lamp from 

240V AC mains. The current in mains cable is 0.7A, find the 
efficiency of transformer. 

[83.33%] 
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Discussion Question 
Q5-1 How will be inductive reactance and capacitive reactance 
change on decreasing the frequency of alternating current to 
zero from an initial value? 

Q5-2 A cylindrical bar magnet is kept along the axis ofa circular 
coil. Will there be a current induced in the coil, if the magnet is 
rotated about its axis? 

Q5-3 An electric heater is heated turn by turn with direct and 
alternating currents. For both currents the effective potential 

difference across the ends of the heater is same. Will the rate of 
production of heat in both cases be the same? 

Q5-4 Is the inductance per unit length for a solenoid near its 
centre the same as the inductance per unit length near its end? 

Q5-5 A capacitor only is connected to an AC source. What 

_will be the phase difference between the current flowing in the 

circuit and the potential difference between the plates of the 
capacitor? 

0 
A----------B 

Figure S.244 

Q5-11 Can a transformer be used to alter DC voltage? 

Q5-12 A pure inductance is connected to an AC source. What 

will be the phase difference between the current and the EMF 

in the circuit? 

Q5-13 Why is the core of transformer laminated? 

Q5-22 A copper ring and a wooden ring of same dimension 

are placed so that there is same magnetic flux through each. Is 

induced current or induced EMF same in each case when flux · 

starts varying at the same rate in both. 

Q5-14 Three identical coils A, Band C shown in figure 2.245 

Q5-6 What is the maximum value of power factor in an AC are placed with their planes parallel to one another. Coil A and 

circuit? When does it occur ? C carry current as shown. Coils B and Care fixed in position 

and coil A is moved towards B with uniform motion. Is there 
Q5-7 A copper ring is suspended in a vertical plane By a any induced current in B? Ifno, give reason. If yes, make the 

thread. A steel bar is passed through the ring in a horizontal direction ofinduced current in the diagram. 
direction and then a magnet is passed through it moving along 
the axis of ring. Will the motion of the bar and the magnet affect 
the position of the ring? 

Figure 5.243 

Q5-8 For tuning radio for various stations, we change the 
capacitance of an air-capacitor. In order to tune the radio with 
a high frequency station, whether the moving plates of the 
variable capacitor will have to be taken inside the stationary 
plates or outside them ? 

Q5-9 Why coils in the resistance boxes are made from doubled 
up insulated wire? 

Q5-10 A current flows in a straight from A to Bas shwon in 
figure-5.244 which is increasing in magnitude. What is the 
direction of induced current, if any, in the loop? 

A B C 

Figure S.24S 

Q5-15 The resistance of a coil for direct current is R. An 

alternating current is sent through it. Will its resistance remain 

the same for AC as well? 

Q5-16 A copper ring is held horizontally and a bar magnet is 

dropped through the ring with its length along the axis of the 

ring. Will the acceleration of the falling magnet be equal to, 

greater than or less than that due to gravity? 

Q5-17 A bulb and a capacitor are connected in series to an 

AC source. What will happen with the brightness of bulb on 

increasing the frequency of the current source? 
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QS-18 A current is sent through a vertical spring from whose 
lower end a weight is hanging. What will happen to the weight 
when current flows? 

QS-19 "Lenz's law a consequence of conservation of energy" 
Explain this statement and give illustrations to support your 
explanation? 

El~omagnetlc Induction, and "'1tematin~ Cpr/k"nt ) 

QS-20 Au artificial satellite with a metal surface has an orbit 
over the equator. Wtll the earth's magnetism induce a current in 
it in its orbital motion? 

* * * • * 
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;Electromagnetic ,lr,iduction and Alternating Current 

Conceptual MCQs Single Option Correct 

5-1 For a RLC series circuit with an AC source of angular 

frequency ro. 

(A) Circuit will be capacitive if ro > b 
'!LC 

I 
(B) Circuit will be inductive if ro = = 

'!LC 

(C) Power factor ofoircuit will by unity ifcapacitive reactance 

equals inductive reactance 

(D) 
I 

Current will be leading voltage if ro> ,.;::; 
'!LC 

5-2 The magnetic flux through a stationary loop with resistance 

R varies during interval of time T as cl>= at (T- t). The heat 
generated during this time neglecting the inductance of!oop 

will be: 

(A) 
a2T3 

3R 
(B) 

a2T2 

3R 

a2T a 3T2 
(C) 

3R 
(D) 

3R 

5-3 The total charge flown through a conducting loop in a 
given time duration when it is moved in magnetic field depend 

on: 
(A) The rate ofchange of magnetic flux 

(B) Initial magnetic flux only 
(C) The total change in magnetic flux 

(D) Final magnetic flux only 

5-4 When the current through a solenoid increases at a 

constant rate, the induced current in the solenoid 
(A) Is a constant and is in the direction of the increasing current 

in it 
(B) Is a constant and is opposite to the direction of the 

increasing current in it 
(C) Increases with time and is in the direction of increasing 

current in it 
(D) Increases with time and is opposite to the direction of the 

increasing current in it 

5-5 The figure-5.246 shows four wire loops, with edge lengths 
of either Lor 2L. All four loops will move through a region of 
uniform magnetic field ofinductionB outward from the plane of 

paper. The loops will move at the same constant velocity. Rank 

the four loops according to the maximum magnitude of the EMF 
induced as they move through the field, greatest first : 

-- r. • • • • 11 
i. • • • • i 
' ' I• • • • • I 
[ .... ~J 

Figure S.246 

(A) (ec = ed) <(ea= eh) 

(C) ec>ed>eb>ea 

(B)(ec = ed) > (ea =eh) 

(D) ec <ed<eb <ea 

5-6 Two circular, similar, coaxial loops carry equal currents in 
the same direction. If the loops are brought nearer, what will 

happen? 
(A) Current will increase in each loop 
(B) Current will decrease in each loop 
(C) Current will remain same in each loop 
(D) Current will increase in one and decrease in the other 

5-7 .A coil is suspended in a uniform magnetic field, with the 
plane of the coil parallel to the magnetic Jines of force. When a 
current is passed through the coil it starts oscillating, it is very 

difficult to stop. But if an aluminium plate is placed near to the 

coil, it stops. This is due to : 
(A) Electromagnetic induction in the aluminium plate giving 
rise to electromagnetic damping by eddy currents 
(B) Development of air current when the plate is placed 

(C) Induction of electrical charge on the plate 
(D) Shielding of magnetic lines of force as aluminium is a 

paramagnetic material 

5-8 In a given solenoid if the number of turns and the length 
of the solenoid are doubled keeping the area of cross-section 

same, then it's inductance: 
(A) Remains the same 
(C) Is doubled 

(B) Is halved 
(D) Becomes four times 

5-9 Eddy currents are produced when : 
(A) A metal body is kept in a time varying magnetic field 
(B) A metal body is kept in the steady magnetic field 
(C) A circular coil is placed in a magnetic field 
(D) Through a circular coil current is passed 

5-10 In figure-5.247, a lamp Pis in series with an iron-core 
inductor L. When the switch Sis closed, the brightness of the 
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lamp rises relatively slowly to its full brightness than it would 

do without the inductor. This is due to 

~ ~----11-1 ----- ~--~ 
B 

Figure 5.247 

{A) the low resistance of P 
(B) the induced EMF in L 

{C) the low resistance of L 

(D) the high voltage of the battery B 

5-11 A current carrying ring is placed in a horizontal plane. A 

charged particle is dropped along the axis of the ring so that it 
falls under gravity, then : 

{A) The current in the ring may increase 

(B) The current in the ring may decrease 

(C) The velocity of the particle will increase till it reaches the 
centre of the ring 

(D) The acceleration of the particle will decrease continuously 
till it reaches the centre of the ring 

5-12 A circuit element is placed in a closed box. At time I= 0, 

constant current generator supplying a current of IA, is 

connected across the box. Potential difference across the box 

varies according to graph shown in figure-5.248. The element in 
the box is: 

V(volts) 

2 -----------

~----;:
3
,------... t(s) 

(A) Resistance of 2Q 

(C) Inductance of2H 

Figure S.248 

(B) Batteryofemf6V 

(D) Capacitance of3F 

5-13 Identifythe!NCORRECTstatement. Induced electric field 
in a region: 

Electromagnetic lrldUCtibn and Altem.wng'c5LTrrulf] 
-- -----

(A) is produced by varying magnetic field 

(B) is non conservative in nature 

(C) cannot exist in a region not occupied by magnetic field 
(D) None of the above 

5-14 A periodic voltage V varies with time t as shown in the 

figure 5.249. Tis the time period. The RMS value of the voltage 

for one cycle is : 

V 

T 

Figure 5.249 

(A) 
Vo 

(B) 
Vo 

8 2 

(C) v, (D) 
Vo 
4 

5-15 The current i in an induction coil varies with time t 
according to the graph shown in the figure-5.250. Which of the 

following graphs shows the induced EMF in the coil with time ? 

(A) 

(C) 

·~ 
0 I 

Figure 5.250 

-~ • 

(B) 

0 I 0 

• 

'"·~ 
0 0 I 

5-16 In an RLC circuit, capacitance is changed from C to 2C. 

For the resonant frequency to remain unchanged, the 

inductance should be changed from L to : 

(A) 4L (B) 2L 

(C) I/2 (D) U4 
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5-17 In the shown AC circuit phase different between currents 
11 andJ2 is: 

I, 

1t -I XL (A) --tan -
2 R 

(C) ~ + tari-1 XL 
2 R 

X 

XL R 

Figure s.~51 

(B) tan-I XL-Xe 
R 

, XL-Xe 1t 
(D) tan-1 ~-~ + -

R 2 

5-18 In a given LC circuit ifinitiallycapacitor Chas charge Q 
on it and 2C has charge 2Q. The polarities are as _shown in the 
figure-5.252. Then after closing switch Sat I= 0, which of the 
following statements is CORRECT: 

L 

Ql~C--~rmml,0'~-2-C~¥,Q 

l J 
Flgur• 5.252 

(A) Energy will get equally distributed in both the capacitor 
just after closing the switch. 
(B) Initial rate of growth ofcurrent in inductor is 2Q/3 CL 
(C) Maximum energy in the inductor will be4Q2/3C 
(D) None of these 

5-19 In a series RLC circuit, the frequency of the source is 
halfofthe resonance frequency. The nature of the circuit will 
be: 
(A) Capacitive 
(C) Purelyresistive 

(B) Inductive 
(D) Selective 

5-20 Aniagnet is made to oscillate with a particular frequency, 
passing through a .coil as shown in figure-5.253. The time 

. variation of the magnitude of EMF generated across the coil 
during one cycle is : 

_ ....... --

~: VJ--~ 

Figure 5.253 

(A) 

e 

(C) 

5•21 The magnetic materials having negative magnetic 

susceptibility are : 

(A) Non magnetic 

(C) Diamagnetic 

(B) Para magnetic 

(D) Ferromagnetic 

5-22 The average and RMS value of voltage for square wave 

shown in figure-5 .254 having peak value V0 are : 

e 
+ 

v,t 
0 

Iv, .. 
T/2 T 3 2T 

v, 2T 

Figure S.254 

Vo 
(A) ,./z , ,./zv0 

r;;; Vo 
(B) "«Vo ' ,./z 

(C) Vo, Vo (D) Zero, V0 

5-23 When a loop moves towards a stationary magnet with 

speed v, the induced EMF in the loop is E. If the magnet also 

moves away from the loop with the same speed, then the EMF 

induced in the loop is : 

(A) E (B) 2E 

E 
(C) 2 (D) Zero 

5-24 In AC circuit when AC ammeter is connected it reads a 

current i. Ifa student uses DC ammeter in place of AC ammeter 

the reading in the DC ammeter will be : 

(A) _.!__ 
,J2 

(C) 0.637 i 

(B) ,JZi 

(D) Zero 
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5-25 If value ofR is changed in the seriesRLCcircuit shown in 

figure-5.255, then: 

Supply 

Figure S.255 

(A) voltage across L remains same 
(B) voltage across C remains same 

(C) voltage across LC combination remains same 
(D) voltage across LC combination changes 

5-26 A circuit consists of a circular loop ofradius R kept in 

the plane of paper and an infinitely long current carrying wire 
kept perpendicular to the plane of paper and passing through 
the centre ofloop. The mutual inductance of wire and loop will 
be: 

(A) 
µo1tR 

2 

(C) µ01tR2 

Ixo---~ 
R 

Figure S.256 

(B) 0 

. (D) 
µ0R2 

2 

5-27 Which of the following material is ferromagn~tic 
(A) Bismuth (B) Nickel 
(C) Quartz (D) Aluminimn 

/ I 

5-28 In a series RLC AC circft, at resonance, the current is: 
(A) Always in phase with th9 generator voltage. 
(B) Always lags the generator voltage 
(C) Always leads the generator voltage 
(D) May lead or lag behind the generator voltage. 

5-29 In the circuit given below (I) and (2) are ammeters. Just 
after key K is pressed to complete the circuit, the reading is : 

~ >----' 
E 

Figure S.257 

(A) Maximum in both I and2 
(B) Zero in both I and 2 
(C) Zeroin 1,minimumin2 
(D) Maximum in 1, zero in 2 

5-30 The value of current in two series RLC circuits at 
resonance is same when connected across a sinusoidal voltage 
source. Then : 
(A) Both circuits must be having same value of capacitance 
and inductor ~ 

(B) In both circuits ratio of Land C will be same · 
(C) For both the circuitsXJXcmustbe same at that frequency 
(D) Both circuits must have same impedance at all frequencies. 

5-31 A and Bare two metallic rings placed at opposite sides of 
an infinitely long straight conducting wire as shown. If current 
in the wi;-e is sl(/wly decreased, the direction of induced current 
will be: 

00 
Figure S.258 

(A) Clockwise in A and anticlockwise in B 
(B) Anticlockwise in A and clockwise in B 
(C) Clockwise in b_oth A and B 
(D) Anticlockwise in both A & B 

5-32 The area of B-Hhysteresis curve is an indication of: 
(A) The permeability of the substance 
(B) The susceptibility of the substance 
(C) The retentivity of the substance 
(D) The energy dissipated per cycle per unit volume of the 
substance 

5-33 Two identical conducting rings A & B ofradius Rare in 
pure rolling over a horizontal conducting plane with same speed 
of center of mass v but in opposite direction. A constant 
horizontal magnetic field B is exist in the space pointing inside 
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the plane of paper. The potential difference between the 
topmost points of the two rings is : 

(A) Zero 
(C) 4BvR 

Figure 5,259 

(B) 2BvR 

(D) None of these 

5-34 A constant force Fis being applied on a rod oflength I 
kept at rest on two parallel conducting rails connected at ends 
by resistance R in uniform magnetic field Bas shown : 

0B 
R I F 

Figure 5.260 

(A) The power delivered by force will be constant with time 
(B) The power delivered by force will be increasing first and 
then will decrease 
(C) The rate of power delivered by the external force will be 
increasing continuously 
(D) The rate of power delivered by external force will be 
decreasing continuously. 

5-35 AB and CD are fixed conducting smooth rails placed 
in a vertical plane and joined by a constant current source 

at its upper end. PQ is a horizontal conducting rod which is 
free to slide on the rails. A horizontal uniform magnetic field 
exists in space as shown. If the rod PQ in released from rest 
then: 

Figure 5,261 

(A) The rod PQ will move downward with constant 
acceleration 

(B) The rod PQ will move upward with constant 
acceleration 

(C) The rod will move downward with decreasing 

. acceleration and finally acquire a constant velocity 
(D) Either A or B. 

• I 

5-36 An alternating current/in an inductance coil varies with 
time t according to the graph as shown : 

I 

Figure 5.262 

Which one of the following graphs gives the variation of 
voltage with time? 

V 

(A) 

V 

(C) 

' ' , __ , 

(B) 

(D) 

5-37 A small circular loop is suspended from an insulating 
thread. Another coaxial circular loop carrying a current I and 

having radius much larger than the first loop starts moving 

towards the smaller loop. The smaller loop will : 

1/. 

I 

Figure 5.263 

(A) Be attracted towards the bigger loop 

(B) Be repelled by the bigger loop 
(C) Experience no force 

(D) All of the above 
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5-38 As shown in figure-5.264, a T-shaped conductor moves 
with constant angular velocity ro in a plane perpendicular to 

uniform magnetic field B . The potential difference VA - V0 is : 

X X X X X 

A 

X X ?Bx 
0 0) 

X X X X X 

X X X X X 

Figure S.264 

1 
(A) Zero (B) 2 BroP. 

(CJ 2Brof (D) Brof 

5-39 If the permanent magnetic moment of the atoms of a 
substance is zero, then it is called : 
(A) Diamagnetic (B) Paramagnetic 
(CJ Ferromagnetic (D) Antiferromagnetic 

5-40 A ring Bis placed coaxially with a solenoid A as shown in 
figure-5.265.As the switch Sis closed at/= 0, theringB: 

A B 

0 

..........,____,· ~ 
s ; I I 

Figure 5.265 
I. 

(A) Is attracted towards A 
(B) Is repelled by A 
(CJ Is initially repe!led and then attracted 
(D) Is initi~lly attracted and then repelled 

I 

5-41 The magnetic perreabilityis maximum for : 
(A) Param~gnetic substances · 
(B) Ferromagnetic Substances 
(CJ Diamagnetic substances 
(D) Non-magnetic substances 

I 

5-42 A conducting rod oflength I fulls vertically under gravity 

in a region of uniform magnetic induction B . The field vectors 
are inclined at an angle 0 with the horizontal as shown in 
figure-5.266. If the instantaneous velocity of the rod is v, the 
induced EMF in the rod ab is : 

... Etectromagnet1c tn~~i,,To;;· and Arternat1nga~ 

8 

(A) Blv 
(CJ Blvsin e 

i 
a 

Figure 5.266 

(B) Blv cos 0 
(D) Zero 

5-43 Figure-5.267 shows a conducting ring ofradius R. A 
uniform steady magnetic fieid B lies perpendicular to the plane 
of the ring in a circular region ofradius r ( < R). If the resistance 
per unit length of the ring is A, then the current induced in the 
ring when its radius gets doubled is : 

(A) BR 
A. 

(CJ ~o 

Figure 5.267 

(B) 2BR 
A. 

Br2 

(D) 4R1.. 

5-44 A metallic rod oflength I is hinged at the point Mand it 
is rotating about an axis perpendicular to the plane of paper 
with a constant angular velocity ro. A uniform magnetic field of. 
intensity B exist in the region as sh_own in figure-5.268 parallel 
to the plane of paper. The potential difference between the 
pointsMandN: 

I I B 

M(4f ,:31.2-:4~-,;1,-;., ,~-"~<-~ ,,--::IN 

' 0) 

Figure S.268 
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(A) Is always zero 

) . I " . (B Vanes between 2 Bro,- to 0 

1 
(C) Is always 2 BroP-

(D) Is always BroP-

4-45 At Curie point, a ferromagnetic material transforms into : 
(A) Diamagnetic (B) Paramagnetic 
(C) Ferromagnetic (D) Antiferromagnetic 

5-46 A conducting rod is moving with a constant velocity v 
over the parallel conducting rails which are connected at the 
ends through a resistor R and capacitor C as shown in the 
figure-5 .269. Magnetic field B exist in region perpendicular to 
the plane of paper. Consider the following statements: 
(i) Current in loop AEFBA is anticlockwise 
(n) Current in loop AEFBA is clockwise 
(ril) Current throngh the capacitor is zero 

1 
(iv) Energy stored in the capacitor is 2 CB2L'-v2 

X X X X X 

E A 

X X X X X 

X R X X L -v X 

X X X X X 

F B 
X X X X X 

Figure S.269 

Which of the following options is correct? 
(A) Statement (i) and (iii) are correct 
(B) Statement (ii) and (iv) are correct 
(C) Statement (i), (iii) and (iv) are correct 
(D) None of these 

X 

H 
X 

==C 

X 

G 
X 

X 

X 

X 

X 

X 

5-47 A rod is rotating with a constant angular velocity ro about 
point Oat its center in a uniform magnetic field of induction B 

as shown in figure-5.270. Which of the following figure correctly 
shows the distribution of charge inside the rod? 

X X X X X 

,. A 
!l· 

V 
X X ., X X 

;! 

X X 0 X X 

X X r X X 
B 

B 
X X X X X 

Figure 5.270 

23fj 

(A) (B) 

.+ A 
tt 
i 
> 

(C) 
:"1. 

0 ' ' 
! 
t B 

5-48 A straight conducting rod PQ is execnting SH!\,1 in xy 

plane fromx = - d to x = + d. Its mean position is x = 0 and its 

length is along y-axis. There exists a uniform magnetic field B 

from x = -d to x = 0 pointing inward normal to the paper and 

from x = 0 to=+ d there exists another uniform magnetic field of 

same magnitude B but pointing ontward normal to the plane of 

the paper. At the instant t= 0, the rod is atx= 0 and moving to 

the right. The variation of induced EMF across the rod PQ 

with time is best represented as : 

(A) 

(C) 

y 
X X X 

p 
X X > 

X X > +d 
-J X X > 

f---+--+ 
X 

X X ~ 
X X X 

Figure S.271 

• 

(B) 

(D) 

5-49 A wire is bent in the form ofa V-shape and placed in a 

horizontal plane in a uniform magnetic field of induction B 

perpendicular to the plane of the wire as shown in figure-5 .272. 

A uniform condµcting rod starts sliding over the V-shaped ';:_ 
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wire with a constant speed v. If the wire has no resistance, the 

current in rod will: 

(A) Incre_ase with time 
(C) Remain constant 

V 

®B 

Figure 5.272 

(B) Decrease with time 
(D) Always be zero 

5-50 In the circuit shown in figure-5.273 initially the switch is 
in positi~n I for a long time, then suddenly at t= 0, the switch 
is shifted to position 2. It is required that a constant current 
should flow in the circuit, the value of resistance R in the circuit. 

L Rx 

- ,~-----.J' f----< 2 7£ 

Figure S,273 

(A) Should be decreased at a constant-rate 
(B) Should be increased at a constant rate 
(C) Should be maintained constant 
(D) Not possible 

5-51 When the switch Sis closed at t= 0, identify the correct 
statement just after closing the switch as shown in figure-
5.274: 

c____,C R..___, 

s E 

Figure 5.274 

(A) The current in the circuit is maximum 
(B) Equal and opposite voltages are dropped across inductor 
and resistor 
(C) The entire voltage is dropped across inductor 
(D) All of the above 

5-52 A diamagnetic liquid solution is poured into a U-tube and 
one arm of this U-tube is placed between the poles of a strong 

Electromagnetic 1nauat19n andAlt"!"atlOg~nw:I 

magnet with the meniscus ofliquid in that arm in line with the 
magnetic field. The level of solution in this arm will : 
(A) will rise 
(B) will fitll 
(C) will oscillate at constant amplitude 
(D) remain as it is 

5-53 Rate of increment of energy in an inductor with time in 
series RL circuit getting charged with battery of EMF Eis best 
represented by: 

(A) 

dU 

(B) 

dU 
dt 

dt ._ ____ _ dU 
dt 

(C) (D) 

5-54 A current flows through a rectangular conductor in the 
presence of uniform magnetic field B pointing out in Z-direction 
as shown in figure-5.275. The_ potential difference VP- VQ is 
equal to: 

(A) Bvb 
(C) Bvc 

C 

14-------a----.., 

Figure S.275 

(B) -Bvb 
(D) -Bvc 

Q 

5-55 Three· coaxial circular wire loops and an stationary 
observer are positioned as shown in figure-5.276. From the 
observers point of view, a current I flows counter clockwise in 
the middle loop, which is moving towards the observer with a 
velocity v. Loops A and B are stationary. This same observer 
would notice that. 
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Figure 5.276 

(A) Clockwise currents are induced in loops A and B. 

(B) Counter clockwise currents are induced in loops A and B. 
(C) A clockwise current is induced in loop A, but a counter 

clockwise current is induced in loop B. 

(D) A counter clockwise current is induced in loop A, but a 

clockwise current is induced in loop B. 

5-56 A uniform and constant magnetic field B is directed 

perpendicularly into the plane of the page everywhere within a 

rectangular region as shown in figure-5.277. A wire circuit in 

the shape of a semicircle is rotated at uniform angular speed in 

counter clockwise direction in the plane of the page about an 

axis passing through point A. The axis A is perpendicular to 

the page at the edge of the field and directed through the 

centre of the straight line portion of the circuit. Which of the 

following graphs best approximates the EMF E induced in the 

circuit as a function oftime I? 

~-------------I X X X X 

lox sqB x 

X X X X 

A 

Figure 5.277 

E E 

•---

E E 

5-57 A short-circuited coil is placed in a time-varying magnetic 

field. Electrical power is dissipated due to the current induced 

235] 

in the coil. Ifthe nwnber of turns were to be quadrupled and the 
wire radius halved, the electrical power dissipated would be : 

(A) Halved (B) Remain same 
(C) Doubled (D) Quadrupled 

5-58 A conducting ring is placed around the core of an 
electromagnet as shown in figure-5.278. When key Kis pressed, 

the ring: 

Figure 5.278 

(A) Remain stationary 
(B) Is attracted towards the electromagnet 

(C) Jwnps out of the core 
(D) None of the above 

5-59 The north and south poles of two identical magnets 
approach a coil, containing a capacitor with equal speeds from 
opposite sides. Then : 

I$ K:~i,,'"8----
-v 

Observer Front side 

Figure 5,279 

(A) Plate 1 will be negative and plate 2 positive 

(B) Plate 1 will be positive and plate 2 negative 

(C) Both the plates will be positive 
(D) Both the plates will be negative 

5-60 A metallic ring connected to a rod oscillates freely like a 
pendulwn. If a magnetic field is applied in horizontal direction 
in a region as shown in figure-5.280 so that the pendulum now 
swings through the field, the pendulum will : 

r--------------~ 
I X X X X: 

: ' I X X X X : 

' ' I X X X XI 

' ' ' ' I X X X X I 

Figure 5.280 
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(A) Keep oscillating with the old time period 
(B), Keep oscill<lF'g with a smaller time period 
(e) Keep oscillating with a larger time period 
(D) Come to rest very soon 

5-61 The frequency of AC mains domestic and commercial 
supply in India is : 
(A) 30Hz 
(C) (x)Hz 

(B) 50Hz 
(D) 120Hz 

5-62 A bulb and a capacitor are connected in series to a source 
of alternating current Ifits frequency is increased, while keeping 
the voltage of the source constant, then : 
(A) Bulb will give more intense light 
(B) Bulb will give less intense light 
(C) Bulb will give light of same intensity as before 
(D) Bulb will stop radiating light 

- - lfiectromagnetic Induction and Alternating Current I 
5-63 Which of the following plots may represent thereactance 
of a series LC combination : 

(A) a 

(C) C 

a 

d 

Figure 5.281 

(B) b 
(D) d 

Frequency 

/, 

* !if • * • 

• 

' 1 

\ 
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Numerical MCQs Single Options Correct 
5-1 A coil ofarea !Ocm2 and 10 turns is placed in a magnetic 
field directed perpendicular to the plane and changing at a rate 
of 108 gauss/s. The resistance of coil is 20fl. The current 
induced in the coil is : 
(A) 0.5A 
(C) 0.05A 

(B} 5 x 10-3A 
(D) 5A 

5-2 The potential difference Vand the current i flowing through 
an instrument in an AC circuit of frequency fare given as 
V = cos rot volts and i = 2sinrot amperes. The power dissipated 
in the instrument is : 
(A) Zero 
(C) 5W 

(B) !OW 
(D) 2.5W 

5-3 In a step up transformer, the turn ratio is 3 : 2. A battery of 
EMF 4.5V is connected across the primary windings of 
transformer. The voltage developed in the secondary would 

be: 
(A) 4.5V 
(C) 1.5V 

(B) 30V 
(D) Zero, 

5-4 A flat circular coil of n turns, area A and resistance R is 
placed in a uniform magnetic field B. The plane of coil is initially 
perpendicular to B. When the coil is rotated through an angle 
cf 180° about one of its diameter, a charge Q1 flows through 
the coil. When the same coil after being brought to its initial 
position, is rotated through an angle of360° about the same 
axis a charge Q2 flows through it. Then Q/Q, is: 
(A) 1 (B) 2 
(C) 1/2 (D) 0 

5-5 In the circuit shown in figure-5.282, L= !OH, R = 5fl,E= 
15V. The switch Sis closed at t= 0. At t= 2s, the current in the 
circuit is: 

L R 

~---a' / 
'E S 

Figure 5.282 

5-6 InanACcircuit, Vand/aregivenas 
V= IOOsin(IOOt)volt 

.an_d/=IOOsin (1001+~). 
The power dissipated in circuit is : 
(A) 104W (B) !OW 
(C) 2.5W (D) 5W 

5-7 The ratio of secondary to the primary turns in a transformer 
is 5. If the power output be P, the input power neglecting all 
losses, must be equa_l to : 

(A) 5P 

(C) P/5 

(B) ...{sp 
(D) None of these 

5-8 Two ends of an inductor of inductance L are connected to 
two parallel conducting wires. A rod of length I and mass m is 
given velocity v Oas shown in figure-5 .283. The whole system 
is placed in perpendicular magnetic field B. Find the maximum 
current in the inductor. Neglect gravity and friction anywhcr~ : 

(A) 
mv0 

L 

mv2 
(C) _o 

L 

J &B 

v, 

Figure 5.283 

(D) None of these 

5-9 A 40 n electric heater is connected to a 200 V, 50 Hz mains 
supply. The peak value of electric current flowing in the circnit 
is approximately: 
(A) 2.5A 
(C) ?A 

(B) 5.0A 
(D) IOA 

5-10 A transformer is used to light a 1 OOW, 11 OV lamp from 
220V mains supply. If the supply current is 0.5A the efficiency 
of transformer is : 
(A) 11% 
(C) 80% 

(B) 50% 
(D) 90"/o 

5-11 Two parallel long straight conductors having A.resistance 
per unit length lie on a smooth plane surface. Two identical 
other parallel conductors rest on them at right angles so as to 
form a square of side a. A uniform magnetic field B exists at 
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right angles to the plane containing the conductors. Now 
conductors start moving outward with a constant velocity v0 
at t = 0. Then induced current in the loop at any time tis : 

(A) 

(C) Bv0 

A. 

+-

t 

®B -+ v, 

Figure 5.284 

(B) aBv0 

2A. 

5-12 An alternating voltage is connected in series with a 

resistance Rand an inductance L. If the potential drop across 

the resistance is 200V and across the inductance is 150V, then 

the applied voltage is : 

(A) 350V 

(C) 500V 

(B) 250V 

(D) 300V 

5-13 A magnet is taken towards a conducting ring in such a 

waythat a constant current of!OrnA is induced in it. The total 

resistance of the ring is 0.50. In 5s, the magnetic flux through 

the ring changes by: 

(A) 0.25mWb 

(C) 50mWb 

(B) 25mWb 

(D) 15mWb 

5-14 A straight conducting wire PQ oflength I is fixed along 

a diameter of a non-conducting ring as shown in the figure-

5.285. The ring is given a pure rolling motion on a horizontal 

surface such that its centre of mass has a velocity v. There 

exists a uniform horizontal magnetic field B in horizontal 

direction perpendicular to the plane of ring. The magnitude of 

induced EMF in the wirePQ at the position shown in the figure 

will be: 

(A) Bvl 
(C) 3Bv//2 

p X X 

B 
X X 

X X X 

X X 

Figure 5.285 

(B) 2Bvl 
(D) Zero 

Electromagnet!~nduc~ an<!. All"f!latlng C~ 

5-15 An inductive circuit contains a resistance of! 0Q and an 
inductance of20H. If an AC voltage of 120V and frequency 

60Hz is applied to this circuit, the current would be nearly: 
(A) 0.32A (B) 0.016A 

(C) 0.48A (D) 0.80A 

5-16 A rectangular loop with a sliding connector of length 

I 0cm is situated in a uniform magnetic field perpendicular to 
plane of loop. The magnetic induction is 0. 1 T and resistance of 

connector is In. The sides AB and CD have resistances 2Q 
and 3Q respectively. "Find the current in the connector during 
its motion with constant velocity !mis : 

A,-----1~----~D 

R, m R4 3Q R, 

B C 

Figur~ 5.286 

(A) _l_A I A 
220 (B) 110 
_l_A I 

(C) (D) -A 
440 55 

5-17 A 20V AC is applied to a circuit consisting ofa resistance 
and a coil with negligible resistance. If the voltage across the 
resistance is 12V, the voltage across the coil is: 
(A) 16V (B) !OV 
(C) W (D)W 

5-18 A square loop of side bis rotated in a constant magnetic 

field Bat angular frequency ro as shown in the figure-5.287. 
What is the EMF induced in it? 

(A) b2 Bro sin rot 
(C) bB2ro cos rot 

X 

X 

,,:,,,,' 
/ 

X Q X X 

Figure 5,287 

(B) bBro sin2 rot 
(D) b2 Bro 

5-19 In the given branch AB ofa circuit a current I= (IOI+ 5) 
A is flowing, where tis time in second. At t = 0, the potential 
difference between points A and B (VA - V8) is: 

0 
B 

(A) 15V 
(C) -15V 

IOV 

R=JQ 

Figure S.288 

(B) -SV 
(D) 5\/ 

A 
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5-20 A resistance of300 Q and an inductance of (lht)H are 
connected in series to an AC of20V, 200 Hz supply. The phase 
angle between the voltage and current is : 

4 
· (A) tan-1 -

3 

3 
(C) tan-1 -

2 

2 
(D) tan-I -

5 

5-21 An inductor L and a capacitor C are connected in the 
circuit as shown in the figure-5.289. The frequency of the power 
supply is equal to the resonant frequency of the circuit. Which 
anuneterwill read zero ampere: 

C 
--,1-------tA, 

A,1--------I 

E=E0 sinrot 

Figure 5.289 

(B) A2 
(D) None of these 

5-22 Switch S is closed at t = 0, in the circuit shown in 
figure-5.290. The change in flux in the inductor (L = 500mH) 
from t = 0 to an instant when it reaches steady state is : 

20V 

(A) 2Wb 
(C) OWb 

50 

s,=o 

50 

50µF 

500mH 
IOV 

m 

Figure S.290 

(B) l.5Wb 
(D) None of the above 

5-23 An electric current i I can flow in either direction through 
loop-I and induced current i2 in loop-2. Positive i 1 is when 
current is from 'a' to 'b' in loop-I and positive i2 is when the 
current is from 'c' to 'd' in loop-2. In an experiment, the graph 
of induced current i2 against time 't' is shown in figure-5.291. 
Which one of the following graphs options for current i1 could 
have caused i2 to behave as shown : 

;, 

01------

Figure S.291 

;, ;, 

(A) ol------ (B) 01-------

5-24 A branch ofcircuit is shown in the figure-5.292 which is 
part of a complete circuit. What is the potential difference 
VB- VA when the current Iis 5A and is decreasing at a rate of 
103 A/s? 

In 5mH 
0----+-~w.---, ~ 
A 15V B 

(A) 5V 
(C) 15V 

Figure 5.292 

(B) IOV 
(D) 'JJJV 

5-25 AnLR circnit is connected to a battery at time t= 0. The 
energy stored in the inductor reaches halfits maximum value at 
time: 

R [.fi] (A) -In --
L .fi-1 

(B) R 1n[.fi-1] 
L .fi 

(D) !!.1n[.fi -IJ 
L .fi 

5-26 A 120V AC source is connected across a pure inductor 
ofinductance 0.70H. If the frequency of the source is 60Hz, the 
cnrrent passing through the inductor is : 
(A) 4.55A (B) 0.355A 
(C) 0.455A (D) 3.55A 
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5-21 Two coils X and Y are placed in a circuit such that a 
current change of3A in coil X causes the change in magnetic 

flux by l.2Wb in coil Y. The value of mutual inductance of the 
coil is: 
(A) 02H 

(C) 0.6H 
(B) 0.4H 
(D) 3.6H 

5-28 Charge q is distributed uniformly over a rod oflength /. 

The rod is placed parallel to a long wire carrying a current i. 
The separation between the rod and the wire is a. The force 
needed to move the rod along its length with a uniform velocity 
vis: 

(A) 
µ0iqv 

(B) 
µ0iqv 

21ta 4rra 

µoiqvl µoiqv/ 
(C) 

2rra (D) 4rra 

5-29 A triangular wire frame having each side equal to 2m is 
placed in a region of time varying magnetic field having 

dB/dt = ../3 Tis. The magnetic field is perpendicular to the plane 
of the triangle as shown in fignre-5.293. The base of the triangle 
AB has a resistance IQ while the other two sides have resistance 
2Q each. The magnitude of potential difference between the 
points A andBwill be: 

(A) 0.4V 
(C) 1.2V 

X X X 

X 

Figure S.293 

(B) 0.6V 

(D) None 

5-30 In the circuit shown below, what will be the readings of 
the voltmeter Vj and annneter A : 

220V,50Hz 

Figure 5.294 

(A) 800V,2A (B) 300V,2A 
(C) 220V,2.2A (D) IOOV,2A 

~ec~0~89rl~~ic 10dUCtiOn and Alternating current) 

5-31 A galvanometer is connected to the secondary coil. The 
galvanometer shows an instantaneous maximum deflection of 
7 divisions when current is started in the primary coil of the 
solenoid. Now if the primary coil is rotated throJJgh 180°, then 
the new instantaneous maximum deflection will be : 
(A) 7 units (B) 14 units 
(C) 0 units (D) 21 units 

5-32 A conducting ring of radius 2R rolls on a smooth 
horizontal conducting surface as shown in fignre-5.295. A 
uniform horizontal magnetic fieldB is perpendicular to the plane 
of the ring. The potential of A with respect to O is: 

X B X X X X 

X X X X 

V 

X X X X 

' 
Figure 5,295 

(A) 2BvR 
I 

(B) 1BvR 

(C) 8BvR (D) 4BvR 

5-33 In the circuit shown in the figure-5.296, the AC source 
gives a voltage V = 20 cos (20001). Neglecting source resistance, 
the voltmeter and ammeter reading will be : 

(A) OV,0.47A 
(C) OV, 1.4A 

6Q 
-;----w1----1 A 

SmH 4Q SµF 

~--{ V>----' 

Figure 5.296 

(B) 1.68V, 0.47A 
(D) S.6Y, 1.4 A 

5-34 A coil of area I 00cm2 having SO turns is perpendicular to 
a magnetic field ofintensity 0.02T. The resistance of the coil is 
2.n. !fit is removed from magnetic field in Is the charge flown 
through the coil is : 
(A) SC 
(C) o.osc . 

(B) o.sc 
(D) o.oosc 

5-35 When a choke coil carrying a steady current is short 
circuited, the current in it decreases top(< I) times its initial 
value in a time T. The time constant of the choke coil is: 

T T (A) -

(B) 1n(½) p 

T 
(C) 

inp (D) Tin p 
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5-36 A force of I ON is required to move a conducting loop 5-41 In a certain circuit current changes with time according 

through a non-uniform magnetic field at 2m/s. The rate of to i = 2,[t RMS value of current between t = 2s tot= 4s will be 

production of internal energy in loop is: 
(A) 25W (B) SW 

(C) !OW (D) 20W 

5-37 A conducting rod PQ oflength Sm oriented as shown in 
figure-5.297 is moving with velocity 2 i mis without any 

rotation in a uniform magnetic induction of (3 J + 4k) T. EMF 

induced in the rod is : 

y 

X 

Figure S.297 

(A) 32 volt (B) 40volt 

(C) 50volt (D) None 

5-38 A telephone wire oflength 200km has a capacitance of 

0.014µFper km. Ifitcarries an AC current offrequency5kHz, 
what should be the value of an inductor required to be connected 
in series so that the impedance of the circuit is minimum: 

(A) 0.35 mH (B) 35 mH 
(C) 3.5 mH (D) Zero 

5-39 In the steady state condition, the rate of heat produced 
in a choke coil is P. The time constant of the choke coil it,. If 
now the choke coil is short circuited, then the total heat 

dissipated in the coil is : 

(A) Pt 

P, 
(C) ln2 

1 
(B) -A 

2 

(D)Pdn2 

5-40 An aeroplane is flying horizontally with a velocity of 
360km/hr. The distance between the tips of wings is 50 m If the 
vertical component of earth's magnetic field is 4 x 104, 

induced EMF across the wings is : 
(A) Zero (B) 2µV 
(C) 'lmV (D) 'N 

(A) 3A (B) 3../3A 

(C) 2../3A (D) (2-../2.)A 

5-42 The figure-5.298 shows a specific RL circuit, the time 

constant for this circuit is : 

(A) 
L 

2R 

(C) 
2R 
L 

R 

L 

'----~·f-----' 
E 

Figure 5.298 

2L 
(B) -

R 

R 

5-43 A circular ring of diameter 20cm has a resistance 0.01 Q. 

How much charge will flow through the ring if it is rotated from 
position perpendicular to the uniform magnetic field of 

B = 2T to a position parallel to field? 
(A) 4C (B) 628C 
(C) 3.14C (D) 25.12C 

5-44 In the AC circuit shown in fi_gnre:5.299 the voltmeter 
whose reading will be zero at resonance is : 

L C R 
f----<V,\--------1 

Figure 5.299 

(B) Vz 

(D) V4 

5-45 A square loop of side a-apd a straight long wire are placed 
in the same plane as shown in figure-5.300. The loop has a 
resistance R and inductance L. The frame is turned through 
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180° about the axis 00'. What is the charge that flows through 
the loop in this process ? 

l 

(A) µ0/a 1n(2a+b) 
21tR b 

(C) µ0/a 1n(a+2b) 
21tR b 

b 

o, 
~ , a 

rn 
I 
' ' 
' 0' 

Figure 5,300 

(D) None of these 

5-46 In the adjoining figm-e-5.301 the impedance of the circuit --will be: · 

(A) 1200 
(C) 60'1 

90V 
XL=30Q Xc=20Q 

Figure 5.301 

(B) son 
(D) 90'1 

5-47 In figure-5.302, the switch is in the position I for a long 
time, then switch is shifted to position 2 at t= 0.Atthis instant 
the value of i I and i2 are : 

E 
(A) R ,0 

-E E 
(C) 

2R' 2R 

I 2 

1 R 

;, 
E L 

L 

R 
;, 

Figure 5,302 

E -E 
(B) R' R 

(D) None of these 

Electroma~netic Induction and Alternating Curreirtj 

5-48 When an AC source ofEMF e = E0 sin (1001) is connected 
across a circuit, the phase difference between the EMF e and 
the current i in the circuit is observed to be ,d4, as shown in the 
figure-5.303. If the circuit consists possibly only of RC or LC 
in series, find the relationship between the two elements : 

iore 

(A) R= lk.Q, C= !OµF 
(C) R = lkfl, C= !OH 

Figure 5.303 

(B) R= lk.Q, C= lµF 
(D) R= lkfl,L= 1H 

5-49 In the part ofa circuit branch shown in figure-5.304 the 
potential difference V06 at I= 1 s is : 

a m4V 2H 2F b 
0 w, 1~11+ • 

(A) '!IN 
(C) 'XJV 

q = (4t')C 

Figure 5,304 

(B) -30V 
(D)-20V 

5-50 A circular coil of mean radius of7cm and having 4000 
turns is rotated at the rate of I 800 revolutions per minute in the 
earth's magnetic field (B = 0.5 gauss), the maximum EMF 
induced in coil will be: 
(A) 1.158V 
(C) 029V 

(B) 0.58V 
(D) 5.8V 

5-51 Initially in the circuit shown in figure-5.305, the switch is 
in position-I for a long time and then shifted to position-2 at 
t = 0 as shown in figure-5.305. Just after closing the switch, the 
magnitude of current through the capacitor is : 

(A) Zero 

(C) E 
R 

I 2 1 -R 

E 

L 

R C 

Figure S.305 

(D) None of these 
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5-52 A square loop ofarea 2.5 x 10·3m2 and having 100 turns 

with a total resistance of IO0Q is moved out of a uniform 

magnetic field of0.40 Tin 1 sec with a constant speed. Then 

work done, in pulling the loop is : 

(A) zero 

(C) 1 µJ 

X 

X 

X 

X 

X 

X 

X 

X 

' ' x: 
' ' 
' xi 
' ' ' 

, X 

XO 

' ' ' 
Figure 5.306 

(B) lmJ 

(D) 0.lmJ 

5-53 Two coils have mutnal inductance of0.005H. The cnrrent 

changes in the first coil according to equation I= 10 sin rot, 
where/0 = IOAandro= 1001trad/s. The maximum valueofEMF 

induced in the second coil is : 

(A) 21tV 

(C) itV 

()3) 51tV 

(T)) 41tV 

5-54 Find the current passing through battery immediately 

after the key K is closed. It is given that initially all the 

capacitors are uncharged. Take R = 6Q and C= 4µF. 

(A) IA 

(C) 3A 

( 
= 

R C 

R 

R 

L 

R r:; 
" 

R 

Figure 5.307 

(B) 5A 

(D)2A 

C .- -

5-55 A square wire loop of! 0.0cm side lies at right angles to a 

uniform magnetic field of20T. A 1 0V light bulb is in a series 

with the loop as shown in the figure-308. The magnetic field is 

------------
·-· ---------=-----=2cc4-=-i:Jl 

X X X X 

X X X X X X 

X X X X X X 

X X X X X X 

X X X X X X 

Figure 5.308 

{A) 20ms ()3) 0.02ms 
(C) 2ms (D) 0.2ms 

5-56 A rectangular loop of sides a and b is placed in x-y plane. 

A uniform but time varying magnetic field of strength 

ii= 20ti + IOt2 J +5ok is present in the region. The magnitude 

ofinduced EMF in the loop at time tis : 
(A) 20+201 ()3)·20 
(C) 201 (D) Zero 

5-57 In the circuit shown, the key K is closed at t = 0, the 

current through the key at the instant t= 10·3 ln 2, is: 

4Q 5Q 

L= IOmH Kl20V SQ 

(A) 2A 

(CJ 4A 

6Q C=O.lmF 

Figure 5.309 

()3) SA 
(D) Zero 

5-58 A long straight wile is parallel to one edge ofa rectangular 
loop as shown in figure-5.310. If the current in the long wire 
varies with timeasJ=J0e-11t, what will be the induced emf in the 

loopatt=t? 

Figure 5.310 

(A) µ0bl 1n(d +a) 
ltt d 

()3) 
µ0bl 1n(d +a) 
21tt d 

decreasing steadily to zero over a time interval At. The bulb 

will shine with full and sustained brightness if At is equal to : (C) 
2µ::I 1n( d; a) µ0bl In(__.'!__) 

(D) 1tt d+a 
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5-59 A constant voltage is applied to a series RL circuit by 
closing the switch. The voltage across inductor of inductance 
2H is 20V at I= 0 and drops to 5V at 20ms. The value ofR is: 
(A) 100 In 2.Q (B) 100 (I - In 2)n 
(C) 100 In 4n (D) 1 oo (I - In 4) 

• 5-60 A loop shown in the figure-5.311 is immersed in the 
varying magnetic field B = Bof, directed into the page. If the 
total resistance of the loop is R, then the direction and 
magnitude ofinduced current in the inner circle is: 

Figure 5.311 

(A) Clockwise Bo(1ta
2 
-b

2
) 

R 

(B) Anticlockwise Bo1t(a
2 

+b
2

) 

R 

'C)· Cl kwi Bo(1ta2 +4b2) , oc se R 

_ ~1.'!"lromagnetldnduction and Altemating,Gurriiiii] 

5-61 Figure-5.312 shows an isosceles triangular wire frame 
with apex angle equal to rr/2. The frame starts entering into the 
region of uniform magnetic field B with constant velocityv at 
t = 0. The longest side of the frame is perpendicular to the 
direction of velocity. Ifi is the instantaneous current through 
the frame then choose the alternative showing the correct 
variation of i with time : 

X X X 

X 

X 

Figure 5.312 

(A) (B) 

(C) (D) 

* * * * * 
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[Electromagnetic lnd~qti.on. and Alternating Current 

Advance MCQs with One or More Options Correct 
5-1 A conducting loop is kept with its center lies at the origin 

ofa coordinate system. A magnetic field has magnetic induction 

B pointing along Z-axis as shown in the figure-5.313 

y 
X X X B X 

X X X X 

X X X 
X 

X 

X X X X 

Figure S.313 

(A) No EMF and current will be induced in the loop ifitrotates 

about Z-axis 

(B) EMF is induced but no current flows if the loop is a fiber 

when it rotates about Y-axis. 
(C) EMF is induced and induced current flows in the loop if 

the loop is made of copper & is rotated about Y-axis. 

(D) If the loop moves along Z-axis with constant velocity, no 

current flows in it. 

5-2 For a RLC series circuit, phasors of current i and applied 

voltage V = V.,sinrot are shown in diagram at t = 0. Which of the 

following is/are CORRECT? 

(A) At t = .2:... , instantaneous power supplied by source is 
2m 

negative. 

2x . . 
(B) From O < t < - , average power supphed by source 1s 

3m 
positive. 

5x 
(C) At t = 

6
w , instantaneous power supplied by source is 

negative. 

(D) If ro is increased slightly, angle between the two phasors 

decreases. 

5-3 Two different coils have self inductances L1 = 8mH, 

L2 = 2mH. The current in one coil is increased at a constant 

rate. The current in the second coil is also increased at the 

same constant rate. At a certain instant of time, the power 

given to the two coils is the same. At that time the current, the 

induced voltage and the energy stored in the first coil are i 1, V1 

and W1 respectively. Corresponding values for the second coil 

at the same instant are i2, V2 and W2 respectively. Then : 

(A) i /i2 = 1/4 

(C) W/W1=4 

(B) i/i, = 4 

(D) V/V, = 1/4 

5-4 Which of the following factor/factors is/are responsible 

for deciding the mutual inductance of two coils? 

(A) The number of turns of each coil 

(B) The shape of each coil 

(C) Current through each coil 

(D) Separation between the coils. 

5-5 Which of the following statements is/are correct? 

(A) Self-induced emf may tend to decrease the current 

(B) Self-induced emf may tend to increase the current 

(C) Self-induced emf tries to keep the current constant 

(D) None of these 

5-6 The loop shown in figure-5.314 moves with a velocityvin 

a uni form magnetic field ofinduction B, directed into the paper. 

The potential difference'between points P and Q is e. Then 

l+----L.----+< 

-+ 
V i 

L p IL/2 
l c_ __ ®_B _____ __,Q 

Figure S.314 

I 
(A) e = 2. BLv 

(B) e=BLv 
(C) Pis positive with respect to Q 

(D) Q is positive with respect to P 

5-7 Initially key was placed at position-I till the capacitor got 

fully charged. Key is placed on position-2 at t = 0. The time 

when the energy in both capacitor and inductor will be same: 

E 

(A) x-JLC 
4 

5,r-JLC 
(C) 

4 

(t) (2) 

C 

Figure 5.315 

(B) ,r-JLC 
2 

(D) 5x-./LC 
2 

L 
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5-8 An infinitely long wire is placed near a square loop as 
shown in figure-5.316. Choose the correct options : 

I 

a 

Figure 5.316 

(A) The mutual inductance between the two is ~~ ln(2) 

2 

(B) The mutual inductance between the two is µoa ln(2) 
21t 

(C) !fa constant current is passed in the straight wire in upward 

direction and loop is brought close to the wire then induced 
current in the loop is clockwise 
(D) In the above condition, induced current in the loop is 
anticlockwise 

5-9 A circuit is setup byconnectingL= IOOmH, C=5µFand 

R = 1000 in series.An alternating emfof150 '-'2 V, SOO Hzis 
1t 

applied across this series combination. Which of the following 
is correct: 
(A) the impedance of the circuit is 141.4 n 
(B) the average power dissipated across resistance 225W 
(C) the average power dissipated across inductor is zero 
(D) the average power dissipated across capacitor is zero 

5-10 Choose the CORRECT statements: 

(A) SI unit of magnetic flux is henry-amp~re 
(B) SI unit of coefficient of self-inductance is J/A 

'C) SI . f ffi . f If" d . volt-second \: umt o coe c1ent o se m uctance 1s ----
ampere 

(D) SI unit of magnetic induction is weber 

5-11 For a LCR series circuit with anf.C. source of angular 
frequency ro: 

I 
(A) Circuit will be capacitive if ro> r;-;:; 

vLC 
I 

(B) Circuit will be inductive if ro> r;-;::; 
vLC 

I 
(C) Power factorofcircuit will by unity if roL = C 

' i 0) 

' I 
(D) Current will be leading' if ro > r;-;:; reactance equals 

vLC 
inductive reactance 

Electro~~·tic Induction and Alternating Cu/rent I 
5-12 In the circuit shown in figure-5.317, circuit is closed at 
time t = 0. At time t = In (2) second : 

a b 

2H 

8V 

Figure S.317 

(A) Rate of energy supplied by the battery is 16J/s 
(B) Rate of heat dissipated across resistance is SJ/s 

(C) Rate of heat dissipated across resistance is 16J/s 

(D) v. - Vb =4V 

5-13 Choose the CORRECT statement(s) in the following : 
(A) Diarnagnetism exist in all materials 
(B) Diamagnetism is the result of partial alignment of permanent 
magnetic moment in the material 

(C) The magnetic field due to induced magnetic moment is 
opposite to the applied field 
(D) The magnetising field intensity is always zero in free space 

5-14 In the circuit shown in figure-5.318, ifboth the bulbs B1 
and B2 are identical: 

C=SOOµF 

220V,50Hz 

Figure 5.318 

(A) their brightness will be the same 
(B) B2 will be brighter than B 1 

B, 

(C) as frequency of supply voltage is increased the brightness 
of bulb B 1 will increase and that of B

2 
will decrease 

(D) only B2 will glow because the capacitor has infinite 
impedance 

5-15 Two circular coils are placed adjacentto each other. The 
coils are kept in same plane and currents through them ;

1 
and 

i2 are in same directions. Choose the correct options : 

A B 

;, ;, 

Figure 5.319 
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(A) When A is brought near B, current i2 will increase 
(B) In the above process, current i2 will increase 
(C) When current i1 is increased, current i2 will decrease 
(D) In the above process, current i2 will increase 

5-16 AB and CD are fixed conducting smooth rails placed in a 

vertical plane and joined by a constant current source at its 

upper end. PQ is a conducting rod which is free to slide on the 
rails. A horizontal uniform magnetic field exists in space as 

shown. If the rod PQ in released from rest then: 

Figure 5.320 

(A) The rod PQ may move downward with constant 

acceleration 
(B) The rod PQ may move upward with constant acceleration 

(C) The rod will move downward with decreasing acceleration 

and finally acquire a constant velocity 
(D) The rod will move upward with decreasing acceleration 

and finally acquire a constant velocity 

5-17 A coil of area 2m2 and resistance 4Q is placed perpendicular 
to a uniform magnetic field of 4T. The loop is rotated by90° in 

O. ls. Choose the CORRECT options: 
(A) Average induced emfin the coil is 8V 
(B) Average induced current in the circuit is 20A 

(C) 2C charge will flow in the coil in above period 

(D) Heat produced in the coil in the above period can't be 

determined from the given data 

5-18 A circuit consisting of a constant EMF E, a self­
inductance Land a resistance R in series is closed at time t = 0. 
The relation between the current i in the circuit and the time tis 
as shown by the curve A in the figure-5.321. When one or more 
of parameters E, R and L are changed, the curve B is obtained. 

Then it is possible that : 

Figure 5.321 

(A) E and Rare kept constant andL is increased 

(B) E and R are kept constant and Lis decreased 
(C) E and R are both halved and L is kept constant 
(D) E and L are kept constant and R is decreased 

5-19 In LC oscillations ofa capacitor with an initial charge % 
is connected in parallel : 

(A) Time period ofoscillations is ~ 
vLC 

(B) Maximum current in circuit is Jl:c 
(C) Maximum rate of change of current in circuit is ;~ 

(D) Maximum potential difference across the inductor is ;~ 

5-20 A solenoid is connected to a source of constant EMF for 

a long time. A soft iron piece is inserted into it. Then: 

(A) Self-inductance of the solenoid gets increased 
(B) Flux linked with the solenoid increases, hence steady state 

current gets decreased 
(C) Energy stored in the solenoid gets increased 
(D) Magnetic moment of the s_olenoid gets increased 

5-21 Magnetic field in a cylindrical region ofradinsR in inward 

direction is as shown in figure-5.322: 

.,...;_-­
/ 
' /X X 

y 

Figure 5.322 

(A) An electron will experience no force kept at (2P, 0, 0) if 

magnetic field increases with time 

(B) In the above situation, electron will experience the force in 

negative y-axis 

(C) If a proton is kept at ( 0, ~, 0) and magnetk field is 

decreasing, then it will experience the force in positive 

x-direction 
(D) If a proton is kept at (- R, 0, 0) and magnetic field is 
increasing, then it will experience force in negative y-axis 

5-22 Two identical coaxial circular loops carry a current i in 
each flowing in the same direction. If the loops approach each 

other then: 
(A) the current in each will tend to increase 
(B) the current in each wil\ tend to decrease 
(C) both may repel each otlier 
(D) both may attract each ot!J,er 

' I 
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5-23 In the part of a circuit shown in Figure-5.323, q is in 
coulomb and tin second. At time t = Is: 

a IH b lF c 4Q b 
~~ 

(A) v.-Vb=4V 
(C) Ve - Vd= 16V 

q"" 2,2 

Figure 5.323 

(B) Vb-Vc=IV 
(D) V.-VJ=20V 

5-24 An equilateral triangular conducting frame is rotated with 
angular velocity ro in uniform magnetic field B as shown in 
figure-5.324. Side of triangle is/. Choose the correct options: 

a 

Figure 5.324 

Bro/2 
(B) V-V=-

a C 2 

(C) V - V = Bro/2 
a b 2 

(D) V-V=_Bro/2 
C b 2 

5-25 In the figure~5.325 shown 'R' is a fixed conducting ring 
ofnegligible resistance and radius 'a'. PQ is a uniform rod of 
resistance r. It is hinged at the centre of the ring and rotated 
aboutthis point in clockwise direction with a uniform angular 
velocity oi. There is a uniform magnetic. field of strength 'B' 
pointing inwards. 'r' is a fixed resistance connected between 

· center of ring and its circumference which does not hinder the 
. path of rotating rod : 

Figure 5,325 

. (A) Current through 'r' is zero 

. 2Broa2 
(BJ Current through 'r' 1s --

5r 

Electromagnetic ,Induction and Alternating'. Currenf) 
- s -· ._ __ M__ • 

(C) Direction of current in external 'r' is from centre to 
circumference 
(D) Direction of current in external 'r' is from circumference to 
centre 

5-26 A capacitor of capacity C is charged to a steady potential 
difference V and connected in series with an open key and a 
pure resistor R. At time t= 0, the key is closed. IfJis the current 
at time t, a plot ofln I against/ is shown as in the graph-I of 
figure-5.326, one of the parameters i.e., V, R or Cis changed, 
keeping the other two constant, and the graph-2 is recorded 
again. Then : 

In/ 

(A) C is reduced 
(C) R is reduced 

0 

(!) 

Figure S.326 

(B) C is increased 
(D) R is increased 

5-27 Plane rectangular loop is placed in a magnetic field. The 
EMF induced in the loop due to this field is e; whose maximum 
value is e;m· The loop was pulled out of the magnetic field at a 
velocity which is not constant. Assume the magnetic induction 
in the region is B and it is uniform and constant. s; is plotted 
against time t as shown in the graph. Which of the follcwing 
are/is correct statement( s) : 

B~O B=O 
e, 

X X X 

X X X 
e;,,, ---------

' I---+ 
X X x: 

' 
X X x: 

' 0 ! 

Figure S.327 

(A) e;m is independent ofrate ofremoval of coil from the field. 
(B) The total charge that passes through any point of the 
loop in the process of complete removal of the loop does not 
depend on velocity of removal. 
(C) The total area under the curve (e; vs t) is independent of 
rate ofremoval of coil from the field. 
(D) The area under the curve is dependent on the rate of 
removal of the coil. 

5-28 A conducting rod oflength I is hinged at point 0. It is 
free to _1;otate in a vertical plane. There exists a uniform magnetic 
field B in horizontal direction. The rod is released from the 
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position shown. The potenti~l difference between the two ends 
of the rod is proportional to : 

(A) /312 

(C) sin 0 

Figure 5.328 

(B) I' 
(D) (sin 0) 112 

5-29 The magnetic field perpendicular to the plane of a 
conducting ring of radius a changes at the rate of a, then : 
(A) All the points <in the ring are at the same potential 
(B) The EMF induced in the ring is 1ta2a 
(C) Electric field intensity Eat any point on the ring is zero 

l 
(D) E= -ao; 

2 

5-30 A bent rod PQR with PQ= QR= I shown in figure-5.329 
is rotating about its end P with a constant angular speed ro in 
a region of transverse magnetic field of induction B : 

Q 

R 

Figure 5,329 

(A) EMF induced across the rod is Brol' 
(B) EMF induced across the rod is Brol'/2 
(C) Potential difference between points Q and Ron the rod is 
Bc,}//2 
(D) Potential difference between points Q and Ron the rod is 
zero 

5-31 A semicircular conducting ring ofradius R is placed in 
thexy-plane. A uniform magnetic field is set up along the x-axis. 
No EMF\\ill be induced in the ring, if: 
(A) It moves along the x-axis (B) It moves along the y-axis 
(C) It moves along the z-axis (D) It remains stationary 

5-32 A bar magnet is moved along the axis of a copper ring 
placed far away from the magnet. Looking from the side of the 
magnet, an anticlockwise current is found to be induced in the 
ring. Which of the following maybe true? 
(A) the south pole faces the ring and the magnet moves 
towards it 
(B) the north pole faces the ring and the magnet moves towards 
it 
(C) the south pole faces the ring and the magnet moves away 
from it 
(D) the north pole faces the ring and the magnet moves away 

from it 

5-33 An ideal inductor with initial current zero, a resistor and 
an ideal battery are connected in series at time I= 0. At any 
time I, the battery supplies energy at the rate P 8 , the resistor 
dissipates energy at the rate PR and the inductor stores energy 
at the rate PL then : 
(A) PB= PR+ P, for all times I 
(B) PR<PJorall timest 
(C) PL< PR in steady state 
(D) PR> PL only near the starting of the circuit 

* * * * * 
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Unsolved Numerical Problems/or Preparation of NSEP, INPhO & IPhO 
For detailed preparation oflNP/1O and IPhO students ca11 refer adva11ce study material 011 www.physicsgalaxy.com 

5-1 A coil ofinductanceL and resistanceR is connected to a 
constant voltage source. How soon will the coil current attains 
'1 ('1 <l) fraction of the steady state value? 

L 
Ans. [ -Rln(l-1])] 

5-2 A conducting circular loop ofradius a and resistance per 
unit length R is moving with a constant velocityv0, parallel to 
an infinite conducting wire carrying current i0• a conducting 
rod oflength 2a is approaching the centre of the loop with a 
constant velocity v/2 along the direction of the current. At the 
instant I= 0, the rod comes in contact with the loop at A and 
starts sliding on the loop with the constant velocity. Neglecting 
the resistance of the rod and any self inductance in the circuit, 
find the following when the rod slides on the loop. 

(a) The current through the rod when it is at a distance of 

(a/2) from the point A of the loop. 

(b) Force required to maintain the velocity of the rod at that 
instant. 

v0/2 

P' 
!c 

Q 
' ' ' 1, 'A 

' ' ' v, 
a./3 

0 
a 

B 

Figure S.330 

9 I 9 2~ 
Ans. [(a) I =~ln(3) · (b) µ,,,v, (ln3)2 ] 

l6aR1t2 
' 32aR1t3 

5-3 A metal disc ofradius 25cm rotates at a constant angular 
velocity 130rad/s about its central axis. Find the potential 
difference between the centre and the rim of the disc if 
(a) The external magnetic field is absent 
(b) The external uniform magnetic field ofinduction 5mTexist 
which is directed perpendicular to the disc. 

Ans. [(a) 3nV; (b) 20mV] 

5-4 Find out impedance of given circuit. 
3Q 

6Q 

6Q 

Figure 5.331 

5-5 U-frameABCD and a sliding rod PQ of resistance R, start 
moving with velocities v and 2v respectively, parallel to a Jong 
wire carrying current i0• When the distance AP= I at I = 0, 
determine the current through the inductor of inductance L 
just before connecting rod PQ loses contact with the U-frame. 

A f 2v Br, 
p Q 

1, 

r 
D- C 

a a-----+J 

Figure S.332 

Ans. [/ = (1-) [1 - .,-RIJL1, where•= µ;~v ln(2) J 

5-6 Radio receiver receives a message at 300m band, If the 
available inductance is lmH, then calculate required 
capacitance. 

Ans. [25pF] 

5-7 An inductor-coil a capacitor and an AC source of rms 
voltage 24V are connected in series. When the frequency of the 
source is varied a maximum rms current of6.0A is observed. If 
this inductor coil is connected to a battery of emf 12V and 
internal resistance 4.0n, what will be the steady current? 

An,. [1.SAJ 

5-8 A toroid is a long coil of wire, wound over a circular air 
core. Show that the coefficient ofselfinductionL of the toroid 
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of radius R containing N turns each of radius r on the air core 
is given as 

N' 2 L= µ, r 
2R 

Where R >> r. Assume that the field is unifonn within the toroid. 

5.9 A closed coil consists of500 turns on a rectangular frame 
of area 4.0cm2 and has a resistance of son. The coil is kept with 
its plane perpendicular to a uniform magnetic field ofinduction 
0.2T. Calculate the amount of charge flowing through the coil if 
is rotated through 180°. Will the answer depend on the speed 
with which coil is rotated? 

Ans. [16 x 10_.C, No] 

5-10 An electromagnetic wave of wavelength 300 metre can 
be transmitted by a transmission centre. A condenser of capacity 
2.5 µFis available. Calculate the inductance of the required coil 
fora resonant circuit. Use it2 = 10. 

Ans. [l x 10·8H] 

5-11 AnLC circuit (inductance 0.01 henry and capacitance 
lµF) in connected to variable frequency source as shown in 
figure-5.333 

C 

'-----{-)-----' 

A.C. Source 

Figure. 5.333 

Draw a rough sketch of the current-variation as the frequency 
is changed from !kHz to 2kHz. 

Ans. [l.592kHz] 

5-12 A coil of5 turns has dimension 9cm x 7cm. It rotates at 
the rate of 1511 rad/sin a uniform magnetic field whose flux 
density is 0.ST. What maximum EMF is induced in the coil? 
What is the EMF !/90s after it reaches the value zero? 

Ans, [0.594V] 

5-13 Acircuitcontaininga0.l Hinductoranda S00µFcapacitor 
in series is connected to a 230V, I 00/11 Hz supply. The resistance 
of the circuit is negligible. 

(a) Obtain the current amplitude and rrns values. 

(b) -Obtain the rrns value of potential drops across each element. 

(c) What is the average power transferred to the inductor? 

(d) What is the average power transferred to the capacitor? 

(e) What is the total average power absorbed by the circuit? 
['Average' implies average over one cycle.] 

An~ [(a) 23 ..Ji.A, 23A (b) 460V, 230V (c) zero (d) zero (e) zero] 

5-14 In a LC circuit parallel combination ofinductance of0.0 1H 
and a capacitor of lµF is connected to a variable frequency 
alternating current source. Draw a rough sketch of the current 
variation as the frequency is changed from !kHz to 3kHz. 

,-,'tJ,c, 
l.6kHz J 

5-15 Prove that in a series LCR circuit, the frequenciesJ; and 

/2 at which the current amplitude falls to 11.Jz ofthecurrent at 
resonance are separated by an interval equal to 

R 
l:,.f=-

21lL 

5-16 A coil of! 60 turns of cross-sectional area 250cm2 rotates 
at an angular velocity of300rad/s about an axis parallel to the 
plane of the coil in a uniform magnetic field of0.6 weber/metre2• 

What is the maximum EMF induced in the coil. If the coil is 
connected to a resistance of2n, what is the maximum torque 
that has to be delivered to maintain its motion. 

Ans. [720V, 864Nm] 

5-17 In anL-R series circuit, a sinusoidal voltage V= V0 sin rot 
is applied. It is given that L = 35 µH, R = I In, phase difference 
between the current and the voltage. Also plot the variation of 
current for one cycle on the given graph. 

V 

V= V0 sin tro 

T 

Figure 5.334 

5-18 A square metal wire loop of side 10cm and resistance ln 
is moved with a constant velocity v0 in a uniform magnetic 
field of induction 2T as shown in figure-5.335 the magnetic 
field lines are perpendicular to the plane of the loop directed 
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into the paper. The loop is connected to a network ofresistors 
each of value 3Q. The resistance of the lead wires OS and PQ 

are negligible. What should be the speed of the loop so as to 
have a steady current oflmA in the loop? Give the direction of 

current in the loop. 

x ·--x--- x --- x ---xi 
~-~-.,.\~-+v, 

X X 

X ~ X 

' B 
' 

X 

' ' ' ,I, 
' ' ' 'x X 

I I 
' ' lis ____ )i ____ :,,;_ ___ JS ____ JS! 

Figure 5.33S 

Ans. [2 x I o-'mis] 

5-19 A box Panda coil Qare connected in series with an AC 
source of variable frequency. The EMF of source is constant 
at IOV. Box P contains a capacitance of I µF in series with a 
resistance of32.Q. Coil Q has a self inductance 4.9mH and a 
resistance of 68Q. The freqnency is adjusted so that the maximum 
current flows in P and Q. Find the impedance of P and Q at this 
frequency. Also find the voltage across P and Q respectively. 

Ans. [P = 76.96f!, Q = 97.59Q, P = 7.6V; Q = 9.8V, impedance= I00Q] 

5-20 Two parallel conducting rails separated by a distance I 
are fixed on a plane surface, inclined at an angle a to the 
horizontal as shown in figure-5.336. Rails are connected at the 
bottom by a resistance R. A copper rod of mass in slides without 
friction on the rails due to gravity. A uniform vertical field B 

exists throughout the region. Find the steady state velocity of 
the rod. Show that the rate at which thermal energy is produced 
in the circuit is equal to the rate at which rod is losing 
gravitational potential energy. What will happen if the direction 
of B is reversed? 

C 

Figure 5.336 

mgRsina . 
Ans. [ 2 2 " , rod will continuously accelerate if B is reversed] 

Bl cos~a 

5-21 A small town with a demand of800kW ofelectric power at 
220V is situated 15km away from an electric power plant 
generating power at 440V. The resistance of the two wire line 
carrying power is 0.5Wper km. The town gets from the line 

Eleclromagnetic _ lnductloo. and Alte1m11Lng)<µm,rlf] 

through a 4000 - 220V step down transformer at a sub-station 

in the town. 
(a) Estimate the line power loss in the form of heat. 
(b) How much power must be plant supply, assuming there is 

a negligible power loss due to leakage? 
(c) Voltage rating of the step up transformer at the plant. 

Ans. [(a) 600 kW (b) 1400 kW (c) 440 - 7000 VJ 

4-22 A magnetising field of !600Am·1 produces a magnetic 
flux of 2.4 x 10·5Wb in an iron bar of cross-sectional area 

0.2cm2• Calculate permeability and susceptibility of the bar. 

Ans. [7.5 x 104 N/A2, 596] 

5-23 A periodic voltage wave form has been shown in 

figure-5.337 .. 

V(in volt) 

200 t (inms) 

Figure 5.337 

Determine. (a) Frequencyofthewaveform. (b) Average value 
of the voltage. 

Ans. [(a) IOHz (b) SY] 

5-24 A long solenoid having 200 turns per cm carries a current 
of! .SA. At the centre ofit, a 100 turn coil is placed which is of 
cross-sectional area 3.14 x lo-4 m2 having its axis parallel to 
the field produced by the ~olenoid. When the direction of 
current in the solenoid is reversed within 0.05s., what is the 
EMF induced iu the coil? 

Ans. [0.048V] 

4-25 An iron rod of0.2cm2 cross-sectional area is subjected 
to a magnetising field ofl200Am-1• The susceptibility of iron 
is 599. Find the permeability and magnetic flux produced. 

Ans. [7.536 x J0--4TmA-1, 1.81 x 10-5Wb] 

5-26 When I0V, DC is applied across a coil current through it 
is 2.5A, if IOV, 50 Hz A.C. is applied current reduces to 2A. 
Calculate reactance of the coil. 

Ans. [3Q] 

5-27 A long cylindrical coil of inductance L1 is wound on a 
bobbin of diameter d1• The magnetic induction in the coil 
connected to a current source is B 1• After rewinding the coil on 
a bobbin of diameter d2 its inductance become L2• Find the 
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magnetic induction B2 of the field in the new coil connected to 
the same current source assuming that the length of wire is 
much larger than that of coil. 

Ans. [ B-, (L,d,) J 
L,d, 

4-28 An airplane with a 20m wingspread is flying at 250 mis 
straight south parallel to the earth's surface. The earths 
magnetic field has a horizontal component of2 x I o-5 Wb/m2 

and the dip angle is 60°. Calculate the induced e.m.f. between 
the plane tips. 

Ans. [0.1732V] 

5-29 A rectangular loop of wire is placed in a uniform magnetic 
field B acting normally to the plane of the loop. If a man attempt 
to pull it out ofthefield with velocityv as shown in figure-5.338, 
calculate the power required for this purpose. 

X 

X X 
-> 

X X xF, 
V -X X X X X 

-> 
F, 

X X X X X 

X X X-> X X 

F, 

Figure S.338 

92J2v2 
Ans. [-R-] 

5-30 A thin non-conducting ring of mass m, radius a and 
uniformly distributed charge q is place inside a solenoid 
magnetic field with its plane normal to B and coaxially with 
solenoid as shown. IfB is changing with time asB =kt, find the 
angular speed attained by ring after time t. 

qkt 
Ans. [ Zm J 

.,,.,.-,('- X X .. '):,,..._ 

' ', ' ' /Xexxxxx', 
/ +----,,...--,-_ q '\ 

I X + X \ 

'G· ' ' /< X ·. X X : \ :x X , X XI . ' ~ X X X J 
' I \x X , Xi 
\\ + ,/ 
'..XXXXX)$~ 

',.... .,/ ......._Solenoid 
'll:XX)/,"., ....... _______ .... 

Figure S.339 

5-31 Calculate ( a) resistance or (b) inductance required in series 

to operate a lamp (60V, !OW) from asourceof(IO0V, 50 Hz) 

Ans. [(a) 240Q (b) I.SH] 

5-32 Two parallel wires AL and KM placed at a distance I are 

connected by a resistor R and placed in a magnetic field B 

which is perpendicular to the plane containing the wire as 

shown in figure-5.340. Another wire CD now connects the two 

wires perpendicularly and made to slide with velocity v. 

Calculate the workdone needed to slide the wire CD. Neglect 

the resistance of all the wires. 

A[J[C L 

R ® I 
B 

K D M 

Figure 5,340 

5-33 An inductor of inductance L = 400mH and resistors 

R, = 2n andR2 = 2n are connected to a batteryofEMF E= 12V 

as shown in the figure-5.341. The internal resistance of the 

battery is negligible. The switch Sis closed at time/= 0. What 

is the potential drop across L as function of time ? After the 

steady state is reached, the switch is opened. What is the 

direction and the magnitude ofcurrent through R1 as a function 

oftime? 

Figure 5.341 

Ans. [12e-5' V, 6e- 101A, Clockwise] 

L 

R, 

5-34 A long straight wire carries a current i0• At distance a 

and b from it there are two other wires, parallel to the former 

one, which are interconnected by a resistanceR (figure-5.342) 

A connector slides without friction along the wires with a 

constant velocity v. Assuming the resistances of the wires, the 
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connector, the sliding contacts and the self inductance of the 

frame to be negligible, find 

b 

a 

Figure S.342 

(a) The magnitude and the direction of current induced in the 
connectors, 

(b) The force required to maintain the connector's velocity 
constant. 

A [( ) µ,iov1n(1!.) . 1 k . (b) [µ0i0ln(b/a)]' ~] ns. a 2d a , antic oc wise, 27t R 

5-35 An L-C circuit consists of an inductor with L = 0.0900H 
and a capacitor of C = 4 x 1 ~F. The initial charge on the 
capacitor is 5.00µC, and the initial current in the inductor is 
za-o. 
(a) What is the maximum voltage across the capacitor? 
(b) What is the maximum current in the inductor ? 
(c) What is the maximum energy stored in the inductor? 
(d) When the current in the inductor has half its maximum 
value, what is the charge on the capacitor and what is the 
energy stored in the inductor ? 

Ans. [(a) l.25x10-2V, (b) 8.33xto-4A, (c) 3.125xto·8J, (d) 4.33xto-<c, 

7 .8x l0·7J] 

5-36 A circuit has a coil ofresistance 50 ohms and inductance 

I henry. It is connected in series with a condenser of 
40 

µF 
~ ~ 

and AC supply voltage of200 V and 50 cycles/sec. Calculate : 
(i) the impedance of the circuit. 
(n) the p.d. across inductance coil and condenser. 
Ans. [Z - 50 ..fi. n, Ve - 500 ..fi. V aud VL - 600 ..fi. VJ 

5-37 A connecting rod AB of mass m slides without friction 
over two long conducting rails separated by a distance I (figure-
5.343). At the left end, the rails are interconnected by a resistance 
R. The system is located in a uniform magnetic field 
perpendicular to the plane of the loop. At the moment t= 0 the 
rod AB starts moving to the right with an initial velocity v

0
• 

Neglecting the resistances of the rails and the rod AB, as well 
as the self inductance, find : 

Elec!'_ornag~eUc Induction and Alternating Current I 
~ 

®B 
A 

_v. 1 
~R --11-----1 

B 

Figure S,343 

(a) The distance covered by the rod until it comes to a stand 
still, 
(b) The amount of heat generated in the resistance R during 
the process. 

mv0R 1 , 
Ans. [(a) 

0212 
e(b) 2mv,] 

5-38 An L-C circuit like that illustrated in figure-5.344 consists 
ofa 3 .30H inductor and an 840µF capacitor, initially carrying a 
105µC charge.-At t= 0 the switch is thrown closed. 

+ 
C 

Figure 5.344 

L 

Compute the following quantities at t= 2.00 ms. 
(a) The energy stored in the capacitor, 
(b) The energy stored in the inductor, 
(c) Thetotalenergyin the circuit. 

Ans, [(a) 6.553lµJ (b) 0.0094µJ (c) 6.5625µ)] 

5-39 A vertical copper disc of diameter 20cm makes I 0 
revolutions per second about a horizontal axis passing through 
it centre. A uniform magnetic field 10-2 weber/m2 acts 
perpendicular to the plane of the disc. Ca_lculate the potential 
difference between its centre and rim. ·' 

Ans. [3.14 x 10-3 V] 

5-40 A current of 1 0A is flowing in a long straight wire situated 
near a rectangular circuit whose two sides oflength 0.2m are 
parallel to the wire. One of them is at a distance of0.05m and 
the other at a distance of0. IOm from the wire. The wire is in the 
plane of the rectangle. Find the magnetic flux through the 
rectangular circuit. If the current decays uniformly to zero in 
0.02s, fmd the EMF induced in the circuit and indicate the 
direction in which the induced current flows. 

Ans. [2.772 x 10-7 Wb, 1.386 x to·'V] 
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!Electromagnetic_ Induction and Altem~tinJl Current 

5-41 The magnetic field ii at all points within a circularregion 
ofradius R is uniform in space and directed into the plane of 
the page in figure-5.345. Ifthe magnetic field is increasing at a 
rate dB/dt, what are the magnitude and direction of the force 
on a stationary positive point charge q located at points a, b 
and c? (Point a is a distance r above the centre of the region, 
point b is a distance r to the right of the centre, and point c is 
at the centre of the region.) 

Figure S.345 

Ans. [At a : ( i )(:)towards left, at b : ( q; )(~)towards top of the 
page, at c : zero] 

5-42 The rails ofa railway track are I.Sm apart and assumed to 
be insulated from one another. Calculate the EMF that will exist 
between the rails if a train is passing at 1 OOkm/hr. Assume the 
horizontal component of earth's magnetic field is 0.36 x lo-4T 
and tan 0 = 1 .036 where 0 is the angle of dip. 

Ans. [1.554 x 10·3Vl 

5-43 In the circuit arrangement shown in figure-5.346, the 
switch Sis closed at t= 0. Find the current in the inductance as 
a function of time ? Does the current through 1 on resistor 
vary with time or remains constant. 

Figure S.346 

Ans. [3.6 (1 - e-tlt)A where -r = 300µs, Current through ton resistor 

varies with time] 

5-44 A closed coil having 50 turns, area 300cm2 and resistance 
40Q is held at right angles to uniform field of induction 0.02T. 
!fit is then turned through an angle of30° about an axis at right 
angles to the field, find the charge flown through the coil. 

Ano, [1.005 x 1 o·4CJ 

_______ , _______ 2_ssc.1 

5-45 Initially the capacjtor in circuit shown in figure-5.347 is 
charged to a potential of SV and then connected to position 1 
with the shown polarity for ls. After ls, it is connected across 
the inductor at position 2. 

100n 2 

+ 
_E= l0V + 

IOmF 

Figure S.347 

(a) Find the potential across the capacitor after 1 s of its 
connection to position I. 
(b) Find the maximum current flowing in the LC circuit when 
capacitor is connected across the inductor. Also find the 
frequency of LC oscillations. 

APS, [(a) 8.16V, (b) 5.16A, l0Hzl 

5-46 A space is divided by the line AD into two regions as 
shown in figure-5.348. Region Jis free from magnetic field and 
region II has a uniform magnetic field B directed into the plane 
of paper. ACD is semicircular conducting loop ofradius rwith 
centre at O [Figure-5.348], the plane of the loop being in the 
plane of the paper. The loop is now made to rotate with a 
constant angular velocity ro about an axis passing through 0 
and perpendic1;1lar to the plane of the paper. The effective 
resistance of the loop is R. 

REGION-I REGION-II 
X X 

// 
A 

X X 

B 
C 0 X X 

X X 

D 

X X 

Figure S,348 

(a) Obtain an expression for the magnitude of the induced 
current in the loop. 
(b) Show the direction of the current when the loop is entering 
into the region II. 
( c) Plot a graph between the induced EMF and time ofrotation 
for two periods ofrotation. 

Ans. [(a} ½ B~ro; (b) anticlockwise; (c) 0 1! ,] 

• 
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-r2_s_s-.------------ ·· 
LC.='---'-------··--·· -
5-47 An inductance of 2.0 H, a capacitance of 18 µF and a 

resistance of IO k.Q are connected to an AC source of20 V with 

adjustable frequency. (a) What frequency should be chosen to 

maximise the current (RMS) in the circuit? (b) What is the value 

of this maximum current (RMS)? 

250 
Aos. [(a) ~ Hz; (b) 2mAJ 

5-48 A conducting light string is wound on the rim ofa metal 

ring ofradius rand mass m. The free end of the string is fixed 

to the ceiling. A vertical infinite smooth conducting plane is 

always tangent to the ring as shown in the figure-5.349. A 

uniform magnetic field Bis applied perpendicular to the plane 

of the ring. The ring is always inside the magnetic field. The 

plane and the string are connected by a resistance R. When 

the ring is released, find : 

X X X X 

X X X 

X X 

X X 

X X 

X X X 

Fjgure 5.349 

(a) The current in the resistance Ras a function of time 

(b) The terminal velocityofthering 

2B2,2 
mg --, mgR 

Aos. [(a) i=-(l-e mR )· (b) v = --] 
2Br ' r 4B2r2 

5-49 A stiff wire bent into a semicircle of radius R is rotated at 

a frequency Jin a uniform magnetic field B. Calculate the 

amplitude and frequency of the induced voltage. If this circuit 

has negligible resistance and the internal resistance of the 

ammeter is IOOOn, calculate the amplitude of induced current. 

n2R2Bf 
Aos. [ 1000 ] 

5-50 A rectangular loop with a sliding conductor oflength I is 

located in a uniform magnetic field perpendicular to the plane 

ofloop. The magnetic induction perpendicular to the plane of 

loop is equal to B. The part ad and be has electric resistance R
1 

and R, respectively. The conductor starts moving with constant 

acceleration a0 at time t= 0. Neglecting the self inductance of 

the loop and resistance of conductor. Find 

•.----..... ~~-----,b 

l ®B 

I t---+,a0 R, 

d'-----J.f'll-------'c 

Figure 5.350 

(a) The current through the conductor during its motion 

(b) The polarity ofadcd terminal 

(c) External force required to move the conductor with the 

given acceleration. 

Bla0t 
Ans. [(a) i = RR (R1 + R2) (b) Polarity of a, bis positive and polarity 

I 2 

[ 
B

2
/
2
1 ] of c, d is negative, (c)Fen = ao m+ RiRl (R1 + R2) ] 

5-51 A long straight wire carries a current I= I
0 
sin ( Oll + o) and 

lies in the plane of a rectangular loop of N turns of wire as 

shown in figure-5.351. The quantities I0, ro and o are all constants. 

Determine the EMF induced in the loop by the magnetic field 

due to the current in the straight wire. Assume I
0 

= SOA, 

@=200 rr/s,N= 100, a=b=Scmcmand/=20cm. 

·----b--+/ 

I DI 
Ntums 

Figure 5.351 

µ0N/0/oo (" +b) Ans. { --In - cos (Ci>I + li)] 
2n a 

5-52 A square loop ACDE of area 20cm2 and resistance sn 
shown in figure-5.352 is rotated in a magnetic field of induction 
2T through 180° (a) in 0.0 Is and (b) in 0.02s. Find the magnitude 
of e, i and /!.q in both the cases. 
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' X ¢ xjJ 

' A ' 
' C 
' ' ' ' ' X 1 X 

' ' ' ' E ' 
' 

D 

' ' X ,} X 

' 

Figure 5.3S2 

Ans. [(a) 0.8V, 0.16A, 1.6 x I0-3C; (b) 0.4V, 0.08A, 1.6 x 10-3q 

5-53 Two long parallel wire ofzero resistance are connected 

to each other by a battery of l .0V. The separation between the 

wires is 0.5m. A metallic bar, which is perpendicular to the wires 

and ofresistance I on moves on these wires when magnetic 

field of0.02T is acting perpendicular to the plane containing 

the bar and the wires. Find the steady state velocity of the bar. 

Ifthe mass of the bar is 0.002kg, find its velocity as a function 

oftime. 

Ans. [IOOm/s, 100(1 - e-•1200)mis J 

5-54 Consider the circuit shown in figure-5.353. The oscillating 

source of emf deliver a sinusoidal emfof amplitude e""" and 

frequency ro to the inductor L and two capacitors C1 and C2• 

Find the maximum instantaneous current in each capacitor. 

c, c, L 

Figure S.353 

5-55 Two parallel rails with negligible resistance are 10.0cm 

apart. They are connected by a 5fl resistor. The circuit also 

contains two metal rods having resistances of !0fl and 15fl 

along the rails. The rods are pulled away from the resistor at 

constant speeds 4m/s and 2m/s respectively. A uniform 

magnetic field of magnitude 0.01 Tis applied perpendicular to 

the plane of the rails. Determine the current in the 5fl resistor. 

x----"ir-x---~c._ __ x_~l~e-__ x 

X 

X 

X 

8 
Ans. [ 

55 
rnA] 

X 

X 

b 

10.0Ox 

X 

s.on 

X 

d 
X 

Figure 5.354 

X 

I--+ 2.0m/s 

f 
is.on 

X 

X 

257j 

5-56 A square frame with side a and a straight conductor 
carrying a constant current I are located in the same plane. The 
inductance and the resistance ofthe frame are equal to L and R 
respectively. The frame was turned through 180° about the 
axis 00' separated from the current carrying conductor by a 
distance bas shown in figure-5.355. Find the electric charge 
having flown through the frame. 

I 

Ans. [ µoaf 1n(•+b) J 
21tR b-a 

"ct---1 
a 10' ----­, 

' ' 

Figure 5.35S 

5-57 A straight solenoid has 50 turns per cm in primary and 
200 turns in the secondary. The area of cross section of the 
solenoid is 4cm2• Calculate the mutual inductance. 

Ans. [5.0 x I0-4HJ 

5-58 A connector AB can slide without friction along U-shaped 
wire frame located in a horizontal plane. The connector has a 
length /, mass 111 and resistance R. The whole system is located 
in a uniform magnetic field of induction B directed vertically 
downward as shown in figure-5.356. At the moment t = 0 a 
constant horizontal force F starts acting on the connector 
shifting it translation wise to the right. Find how the velocity 
of the connector varies with time t. The inductance of the loop 
and the resistance of the U-shaped conductor are assumed to 
be negligible. 
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A 

®B Rn---F 

B 

Figure S.356 

FR --

[ 
,,,,, J 

Ans. [ a'1' 1-e mR l 

5-59 A5H inductor is placed in series with a !On resistor. An 

EMF of 5V being suddenly applied to the combination. Using 

these values prove the principle of conservation of energy, for 

time equal to the time constant. 

5-60 When an alternating voltage of220V is applied across a 

device X, a current of0.5 A flows through the circuit and is in 

phase with the applied voltage. When the same voltage is 

applied across another device Y, the same current again flows 

through the circuit but it leads the applied voltage by p/2 radians. 

(a) Name the devices X and Y. 

(b) Calculate the current flowing in the circuit when same 

voltage is applied across the series combination ofX and Y. , ' 
r, '1·1'· I 

Ans .. ~(a) X is resis~~~-· -~n11"{i, is a capacitor (b) 0.35A] 
',j:, ·,//_,,,' . ,-;,; /. ,,,,, 

5-61. Two toroidal ~6lenoids ate,\y\Jund around the same pipe 

so that the magneti~ 
1
'6,eld of one'!asses through the turns of 

" I 
the other. Solenoid 1 has 700turns. and solenoid 2 has 400turns. 

When thb current in°solenoid 1 is 6'.52A, the average flux through 
./1 

each turn ofsolenoid2 is 0.0320Wb. 

(a) What is the mutual inductance of the pair of solenoids? 

(b) When the current in solenoid 2 is 2.54A, what is the average 

flux through each turn of solenoid 1? 

Ans. [(a) 1.96H (b) 7.12 x 10-3Wb] 

5-62 A square frame PQRS of each side /, with a steady current 

; 1 is near a long straight conductor carrying a current i2• The 

frame and the conductor are in one plane, with the length of 

the conductor parallel to the side PS and QR of the square 

frame as shown in figure-5.357. Calculate the workdone in 

moving the conductor from position P 1 to P2• 

E\ectromagn.eiic Induction and Altematin~ Current I 

;, 

Figure S.3S7 

µ,,iii,/ 1n(d +/)1 
Ans. [ 2n d 

5-63 A rectangular loop with a sliding connector oflength I is 

located in a uniform magnetic field perpendicular to the loop 

plane as shown in figure-5.358, The magnetic induction is equal 

to B. The connector has an electric resistanceR, the sides AB 

and CD have resistances R 1 and R2 respectively. Neglecting 

the selfinductance of the loop, find the current flowing in the 

connector during its motion with a constant velocity v. 

E 
Al,----·tt-----,D 

R, 
B 
® R -+v R, 

aL-----11------'c 
F 

Figure S,358 

Ans.[ ( )] 
R+ R1R2 

R1+R2 

Blv 

5-64 (a) What is the magnetic flux through one turn of a 

solenoid of self inductance 8.0 x J0·5H when a current of3.0A 

flown through it ? Assume that the solenoid has 1000 turns 

and is wound from wire of diameter 1.0mm. (b) What is the 

cross-sectional area of the solenoid? 

Ans, [(a) 2.4 x 10-7wb (b) 6.37 x 10-5m2] 

5-65 A long straight wire carrying a current i and a U-shaped 

conductor with sliding connector are located in the same plane 

as shown in figure-5.359 The connector of length I and 

resistance R slides to the right with a constant velocity v. Find 

the current induced in the loop as a function of separation r 

between the connector and the straight wire. The resistance of 

the U-shaped conductor and the self inductance of the loop 

are assumed to be negligible. 
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[£ 
Figure 5.359 

5-66 A 20 volts 5 watt lamp is used on AC mains of200 volts 

and SO Fi c.p.s. Calculate the (i) capacitor, (ii) inductor, to 
1C 

be put in the series to run the lamp. (iii) How much pure 

resistance should be included in place of the above device so 

that the lamp can run on its rated voltage. (iv) Which is more 

economical, the capacitor, the inductor or the resistor. 

125 
Ans. [(i) 33 µF, (ii) 2.4 H, (iii) 720 W, (iv) It will be more economical 

to use inductance or capacitance in series with the lamp to run it as it. It 
consumes no power while there would be dissipation of power when 

resistance is inserted in series with the lamp.] 

5-67 A rod AB oflength Lis placed in a cylindrical region time 

varying magnetic field as shown in fignre-5.360, with the rate of 

increasing magnetic induction C Tis. Find the potential 

difference across ends ofrod due to induced electric field in the 

region. 

X 

X X X X 

X X Tx X 

' ' ' ,: 
X :x X 

' ' A 
L 

B 

X 

Figure 5.360 

1 
Ans. [ 2crL] 

-- ----- --------------2-5~9 I 
5-68 A uniform wire ofresistance per unit length A is bent into 
a semicircle ofradius a. The wire rotates with angular velocity 

ro in a vertical plane about a hori2ontal axis passing through C. 

A uniform magnetic field B exists in space in a direction 

perpendicular to paper inwards. 

\ 
\\ 

\ 
\ 
' e-", ______________ ::{ __ . 

A O 

Figure 5.361 

I., 

(a) Calculate potential difference between points A and D. 

Which point is at higher potential? 

(b) If points A and D are connected by a conducting wire of 

zero resistance find the potential difference between A and C. 

Ans. [(a) 2a2Brocos8, (b) 2a2Bro(sin2 i+;cos0)] 

5-69 The magnetic field in a certain region is given by 

B = (4.01 -I.8k) x 10-3T. How much flnx passes through a 

loop of area 5.0cm2 in this region if the loop lies flat on the x-y 

plane? 

Ans. [9.0 x 10-7 Wb] 

Sol. S = [(5xl0-4)k]m2 

~= I B·S I =9 x 10-7 Wb. 

5-70 On a smooth horizontal table a disc is placed with non 

conducting ring with uniformly distributed charge q fixed on its 

circumference. Both disc and ring are of mass m and radius r. If 
a uniform magnetic field of induction B which is symmetric with 

centre of disc is switched on in vertically downward direction, 

find the angular speed attained by disc due to this. 

qB 
Ans. [ Jm ] 

5-71 A coil has 600 turns which produces 5 x 10-3 Wb/turn of 

flux when 3A current flows in the wire. This produced 

6 x 10-3 Wb/turn in 1000 turns ofa secondary coil. When the 

switch is opened the current drops to zero in 0.2s in primary 

coil. Find (a) mutual inductance, (b) the induced EMF in the 

secondary, ( c) the self inductance of the primary coil. 

Ans. [(a) 2H, (b) 30V, (c) IH] 
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5-72 Figure-5.362 shows a circuit in which an inductor of SH is 
connected to a 20V battery and a fuse of rating 30A. Neglect 
anyresistance in the circuit; if switch is closed at t= 0 find the 
time after which fuse will blow up. 

FUSE 

L_ SH 

S(t = 0) 

Figure 5.362 

Ans. [7.5s] 

Electro_Tlla9n~E.!' lric!~stif1l'.!:.•ri1l Altematin~;S.!!!!il~lj 
5-73 TwocoilshavemutualinductanceM=3.25 x J0-4 H. The 
current i1 in the first coil increases at a uniform rate of830 A/s. 

(a) What is the magnitude of the induced emf in the second 
coil? Is it constant? 

(b) Suppose that the current described is in the second coil 
rather than the first. What is the induced emfin the first coil? 

Ans. [(a) 0.27V, Yes (b) 0.27V] 

5-7 4 A small coil ofradius r is placed at the centre of another 
coaxial coil ofradius R(R >> r). Find the coefficient of mutual 
induction for this pair of coils. 

* * * * * 
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~WER$~-~Ot0TI~~'~:, •~: · I 
-·--~-- .. ,, . -;__:_:~nl".i.!_:j:~~ 

CONCEPTUAL MCQS Single Option Correct 

1 (C) 2 (B) 3 (C) 
4 (B) 5 (A) 6 (D) 
7 (B) 8 (C) 9 (B) 
10 (B) 11 (A) 12 (C) 
13 (B) 14 (D) 15 (D) 
16 (B) 17 (A) 18 (D) 
19 (D) 20 (B) 21 (C) 
22 (A) 23 (C) 24 (D) 
25 (C) 26 (B) 27 (C) 
28 (B) 29 (D) 30 (C) 
31 (C) 32 (D) 33 (C) 
34 (B) 35 (D) 36 (D) 
37 (D) 

NUMERICAL MCQS Single Option Correct 

1 (B) 2 (D) 3 (A) 
4 (B) 5 (C) 6 (D) 
7 (B) 8 (A) 9 (D) 
10 (B) 11 (C) 12 (A) 
13 (D) 14 (C) 15 (B) 
16 (A) 17 (A) 18 (A) 
19 (D) 20 (D) 21 (D) 
22 (A) 23 (B) 24 (B) 
25 (C) 26 (A) 27 (A) 
28 (C) 29 (B) 30 (B) 
31 (B) 32 (A) 33 (A) 
34 (B) 35 (C) 36 (C) 
37 (D) 38 (B) 39 (D) 
40 (C) 41 (A) 42 (B) 
43 (C) 44 (B) 45 (A) 
46 (A) 47 (A) 48 (A) 
49 (D) 50 (A) 51 (B) 
52 (B) 53 (B) 54 (A) 
55 (C) 56 (C) 57 (C) 
58 (C) 59 (C) 60 (C) 
61 (A) 62 (D) 63 (D) 

ADVANCE MCQs One or More Option Correct 

1 (A, B, C) 2 (A, C) 3 (A) 
4 (A, C, D) 5 (All) 6 (A, D) 
7 (B, C) 8 (A, B) 9 (A, B, C) 
10 (A, B, D) 11 (C, D) 12 (A, C) 
13 (A, B, C) 14 (A, D) 15 (B, C, D) 
16 (A, D) 17 (A, B, C) 18 (A, D) 
19 (A, B, C) 20 (All) 21 (A, B, C) 
22 (A, D) 23 (A, B, D) 24 (B, C) 
25 (A, D) 26 (A, B, C) 27 (A, B, C) 
28 (B, C) 29 (A, B, D) 

Solutions of PRACTICE EXERCISE 4.1 

(i) The rectangular wire frame as described in question is', 
shown in figure. The magnetic induction due to a straight finite 
length current carrying wire ~li"angles $1 and $2 as shown in 
figure at a perpendicular distance r is given as 

B= µoi [sin$1 +sin$2 ] 
41tr 

0 
L 

r, 
5A 

® 

@ Q 
M 

If B 1 and B3 be the magnetic inductions at O due to wires KN 
and LM, then we have 

B - B - µoi [ . 15° + . 15°] 
,- ,- 41t(d/2)cosl5° sm sm 

4µ 0i 
B =B = --tanl5° 

1 3 41td 

If B2 and B 4 be the magnetic inductions at O due to wires NM 
and LK, then we have 

µoi 
B2=B4 = --'-"--- [sin75°+sin75°] 

41t(d /2)cosl5° 

4 ' 
B =B = µoz tan75° 

2 4 41td 

Net magnetic induction at center is given as 

B=B1+B2+B3 +B4 

B= 2[&.x 
4
; tanl5°] +2[&.x 

4
i tan 75°] 

41t d 41t d 

µ0 8i · 
B= -X-[tan 15°+tan 75°] 

41t d 

8x5 
B=J0-7 x 

16
x

10
_2 [0.2679x3.732l]T 

8x5 
B= 10-1 x ---x4 =Ix l~T 

)6 X 10-2 

B=O.lmT 

(ii) (a) Magnetic field at O due to straight wires at O is zero 
as the line of wire is passing through point 0. The magnetic 
field at O due to semicircular part LM is given as half of the 
magnetic induction due to the complete circular coil given as 

B= µoi 
4R 
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(b) The magnetic induction at O due to wire MN is zero 
because O lies on the line MN. Magnetic induction at O due to 
circular portion ML of the wire which is a circular arc three 
fourth of the circle is given as 

µ0i 3 3µ0i 
B,=2Rx4= SR 

0 

The magnetic induction at O due to infinitely long straight wire 
LK is given by using the result ofa semi-infinte wire given as 

µoi 
B2= 4,rR 

Net magnetic induction at O is given as_ 

3µ0i µ0i 
B=B,+B2= SR+ 4irR 

B= µoi[1+3"] 
4,rR 2 

( c) In this case, the magnetic field will be due to a semi circular 
wire and two semi-infinite wires all in same directions so all will 
be added up given as 

(iii) . (a) The magnetic induction due to the three wire 
segements at O is given vectorially as 

._ - - - µo [I - fa I -J B = B +B +B = - --(-k)+-(-1)+-(-k) 
0 I 2 3 411 R R • R . 

- µol. - .., B = --[2k+m] 
0 4,rll 

Iii I= µoI ~112+4 
0 4,rll 

(b) The magnetic induction due to the three wire segements 
at O is given vectorially as 

- - - - µof . - - -
B0 = B1 +B2 +B3 = 

4
,r11[-k+1t(-i)+(-i)] 

~ µof - .., 
1
00= -

4
,r11[k+(11+I),J 

I ... 
I Bo I= ~::i ~1+(11+1)2 

(c) The magnetic induction due to the three wire segements 
at O is given vectorially as 

- - - - µof [( k-) ( - / - -B = B +B +B =- - +1t-i)+1t 2(-i)+(-j)] 
01234,rR 

-~ 

I B I = µoI ~9112 + s 
0 SirR 

(IV) The magnetic induction at center O due to the two 
circular arcs will be in same inward direction. If ii is the unit 
vector in inward direction then it is given as 

(v) We use the result ·of magnetic induction due to a finite 
wire segment which is given as 

µol 
B =.- [cos 90° + cos 30°] 

P 411/ 

(\i) The magnetic induction at point O will be due to straight 
segment and the circular arc will be in opposite directi9n which 
will be subtracted and it is given as 

B0 =B1-B2 

Where BI ands; are given as 

B1 = ( I ) [cos30°+cos30°] 
·411R 2 , 

and 
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(vii) Due to the wire segments BC and DE no magnetic 

induction will be produced at O as it lies along the two lines 

and for the remainng wire segments we use the vector sum 
which is given as 

-+4--+-+-+ 
Bo=BAB +Ben +BEF +BFG 

~ Bo=- 1--1-2k ---> µ0/ [• 1t , ·] 

41tt1 2 

(viii) In th'e given spiral along the radial direction number of 
turns per unit radial length is given as 

N 
n=--

b-a 

We consider an elemental circular coil ofradius x and width dx 

(ix) We consider an elemental wire of width dx at a distance 

x from the pointP as shown in figure. The current in elemental 
wire is given as 

I 
di= -·dx 

b 

X 

r p 

as shown in figure. The number of turns in this elemental coil Magnetic induction at point P due to di is given as 
are given as 

N 
dN=ndx= --·dx 

b-a 

I 
I 

µod/ 
dB= 2,cx 

Total magnetic induction at point Pis given as 

µI"bdx 
BP= f dB= 2:b f-; 

r 

B = µof [In x]r+b 
p 21th r 

(x) The magnetic field induction at point R due to_ current in 

wires P and Q is given as 

B=B +B =(µo/1+µ0/2) 
I 2 21t1j 21tr2 

Magnetic induction due to the elemental coil at center O is ~ 
given as 

µ0/ N 
dB=-x--dx 

2x (b-a) 

Net magnetic induction at center O is given as 

b 
B = f dB= µoIN fdx 

0 2(b-a).x 

B = µolN [Inxl 
o 2(b-a) a 

B _ µo/N 1n(b) 
0 - 2(b-a) -;; 

~ B =-5 x10-7 J 

If the third wire is placed at a distancex on the left of point R 
and if the wire carries a current outwards/inward perpendicular 
to the plane of paper Then for net magnetic induction at R to 

be zero we use 

µ,I =5xl0-7 
2,cx 

x=lm 
Thus third wire is to be placed ata distance of±lm from point 

R along x-axis. 
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Solutions of PRACTICE EXERCISE 4.2 

(i) (a) The magnetic induction above the large metal sheet 
carrying a surface current is given as 

1 . 

Magnetic Effects. oicurren!s~~~d;Classical Magiie\l•ml 
(b) When a< r < b we can consider the circular path of radius r 
as shown in figure which encloses the current passing through 
inner conductor only so by using Ampere's law we have 

B(2w)=µJ 

B= -µ,, 
2 ~ 

µ,i 
B=-

2,cr 
If i1 is the current flowing in the solenoid then the magnetic 

induction at the center of a long solenoid is given as µ0ni1 
which nullifiesthe magnetic induction due to the metal sheet 
to make net magnetic induction at center of solenoid to be 

equal to zero thus we have 

~ 

1 . ,µo"i, = 2µ,, 

i = _!_ 
1 2n 

(b) When solenoid is rotated by 90° then the two magnetic 

inductions due to solenoid and that due to the metal sheet will 
be at right angle to each other which are equal in magnitude, so 

net magnetic induction at the center of solenoid is given by 
the vector sum of the two vectors which is given as 

B= .Js2 
+B' ="2B ="2(½µ,i)= ~ 

(il) As current is uniformly distributed over the 

cross-sections of outer and inner conductors. The current 
density in inner and outer conductor are given as 

i 
J.=-2 

' 1UZ 

i 
J=----

0 1t(c2 -b2) 

(a) When r < a we can consider a coaxial circular path of 
radius r as shown in figure. If B be the magnitude of magnetic 

field at this path then using Ampere's law we have 

B(Zw) = µ/,oclosed 

B(2w) = µ0 ( ~ 2 x 1tr
2
) 

µ0ir 
B=--

( 2,uz
2 

(c) When b < r< ewe consider the circular path of radius ras 

shown in figure. In this case the currentenclosed bythis coaxial 
circular path is given as 

/enclosed = i i' x,c(r2-b2) 
,c(c2 -b2) . 

Using Ampere's law we have 

~ ,B µ, [· ··('2-b2)] =-1-1 ---
. 2,cr c2 -b2 

(iii) As current is flowing in a strip of width h, current' density 
per unit length along the thickness of the strip is given as 

I 
J=h 

Figure-(a) shows that the current density vector is at an angle 
0 from the cross sectional plane of the cyclindrical coil and to 
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calculate the angle 0 we straightned·one tum of the strip which 
is shown in figure-(b) from which we can calculate the sine and 
cosine components of the angle 0 which are given as 

. 0 h Sill = --
27tR 

and cos0= .J1-sin
2

0 =~1-(i~J 

h 

' ' , 

(a) 

0: 
' ' ' ' '" ol< 
(" 

' ' ' ' ' ' ' ' ' ' 
(a) 

Magnetic induction outside the coil will be due to the current 

J= i 
n(R2 -r2

) 

Current through the smaller cross-section of cavity if it is not 
present is given as 

i'=Jm2 

Magnetic induction due to this current at a point on the axis of 
cylinder is given as 

., . 2 

= µoz = ~xJnr2 ·= µo•; 
2 B1 2nd 2nd 2nd(R -r ) 

If B2 be the magnetic induction due to remaining portion then 
in case of full solid cylinder net magnetic induction at axial 
point is zero so we have 

(v) (a) When the currents are in the same direction the 
situation is shown in figure. If the currents in both the wires 
are perpeodicular to the plane of the paper and directed outward 
then the magnetic inductions B 1 and B2 at point O due to the 
two current carrying wires are given as 

µo i 
B1 =B2= 2,,-;: 

in the cylindrical coil along its axis which is due to the current 
along the axis of the cylindrical coil which is calculated by the =:, 

current density component Jsin0 given as 
B =B =2x10-1 (.!_Q_J=2xJO-'T 

1 2 0.J 

B = µOla.rial 

out 2rtr 

µ 0(Jsin0x2nR) 
B = 

out 21tr 

µ,Jh 
B =-

out 21tr 

µ,I 
B =-

out 21tr 

The magnetic induction inside the cyclindrical coil is due to 
the current circulating along the curved part on the surface of 
cylinderical coil which is given as 

Bin= µ~cos0 

B. =µ (£)~1-( h )' 
m 'h 2nR 

(w) Current density in the cylindrical wire is given as 

B, 

B~_,--600 0 
,._ I \ 

', I '\ .... / \ 
B, / '\ 

/ \ 
/ \ 

/ \ 
O.lm/ \O.lm 

;' \ 
I \ 

/ \ 
,/ \ 

P@J>---- -------®Q 
O.lm 

The direction of magnetic inductions at point O will be 
,perpendicular to OP and OQ due to the two wires as given by 
right hand palm rule. The resultant magnetic field B at O is 
given by the vector sum of the two magnetic inductions which 
is given as 

B=B1 cos 30° + B2 cos 30° 

B = (2 X I 0-5) cos 30° + (2 X 10-5) cos 30° 

=:, B=2 x (2 x 10-5)cos30° 
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rm:: : 7J''. ~. ' _,,_ , ---· , 

:cc> B=2 x (2 x 10-5) x (..{3/2) 

:cc> B=3.46 x 10-5 T 

(b) When the currents are in opposite directions. The situation 
is shown in figure. Ifthe current in wire Pis inward and that in 
wire Q be directed outward then from the previous part the 
magnet,ic inductions due to the two wires will be given as 

,, B1=2xJ0-5 T 

and 

B / 60~ B 
2 ... / \ ....... [ ,,,,. ......... ,,. ... "',, 
I B \ 

O.Im/ ,~um 
/ ' I \ 

I \ 
I \ , ' 

P®--------------------®Q 
O.lm 

The direction of BI will be perpendicular to OP towards right 
and the direction of B2 will be perpendicular to OQ towards 
left. The resultant magnetic induction at O is given by the 
vector sum of the two inductions which is given as 

B=B, cos 60° + B2COS 60° 

I 
B=2 x (2 x 10-5) x 2 
B=2 x 10-5T 

Charge on capacitor after time llt is given as 

CE 
q=-

T\ 

Charge flown through the solenoid in this duration is given as 

CE ( ') llq=CE--:;,=CE !--;;-
Average cutirent in solenoid in this period is given as 

i = llq = CE (i-.!.) 
ovg /lt flt T\ 

Average magnetic induction at the center of solenoid is given 
as 

B - µ.ni avg u-· avg 

B = µ,nCE (i-.!.) 
a"'.g At rt 

(vii) The magnetic induction due to a current carrying thin 
walled tube at an internal point is always zero. However if a 
longitudinal cut of width h is made in the tube as shown in 

Magnetic -Effects of Currents an~- Classical' Magnetisffil ""-"·--~ --, __ ,,,,.,_ 
figure, then symmetry will no longer exist and inside magnetic -
induction will not be zero. A net magnetic induction will exists 
at an internal poini. We consider a point P inside the tube at a 
distance r from the slit as shown. The net magnetic induction 
due to the tube at point Pis equal to the magnetic induction 
produced at P due to the current in the portion of tube which is 
removed to make the slit. As slit width is very small the current 
in the slit width his given as 

--

I 
J=-Xh 
s 2itR 

The magnetic induction at pointP due to the current in the slit 
portion of tube is BI as shown in figure which is given as 

µ,I, 
B=-

1 211r 

The magnetic induction due to the tube with the slit is given as 
B2 which is equal and opposite to BI so that when tube is 
complete both the fields will nullify each other. · 

(viii) Above the plane at a general point Pas shown in fignre 
we apply Ampere's law on the circular path and because of 
symmetry about the axis of wire, the magnetic induction at 
every point of the circular path is along the path so we have 

B(2w)=µJ 

µ,I 
B=-

211r 

I 

r s:__ ------- p 

0 

Similarly ifwe consider a point Pbelowthe plane and consider 
a similar circular path then the line integral of magnetic field 
will be zero as no current is enclosed by the closed path so the 
magnetic induction at all the points below the plane will be 
zero. 

Study Physics Galaxy with www.puucho.com

www.puucho.com



!§:gnetlc Effe~tqf Currents and_ 2!a~~ical_ Magnetism 

(ix) The magnetic induction inside the tore of the toroid is 
given as 

µ,µ,NJ 
B= 21tR 

100x41txl0·1 xl000x2 
B = :..:..:c____:.::2c._1tc:.X.:._0_.2.:..:5==-=-

Solutions of PRACTICE EXERCISE 4.3 

26] 

(b) The time period ofcircular motion in magnetic field by a 
charge particle is given as 

~ T=3.69 x J0·7s 

(c) Velocity component parallel to magnetic field is given as 

V = VCOS 20°= 108 XO 9397 y • 

v,=9.397 x J07m/s 

(i) For not to strike the plate the radius of circular motion Thus pitch of the helical path is given as 
must be less than the distance of the plate as shown in figure. 
The radius of particles in circular motion is given as P = vy x 1 

mv ..J2mE 
R=-=--

qB qB 

l+--d 

Accel~--... ,,, 
Tube 1 '\ 

F,,, \ 
I \ H ' .. 

R 

0B 

Plate 

Larger radius will be for heavy particles and for not to strike 

the plate we use 
RSd 

..J2mE 
--<d 

qB -

..J2mE 
B>-­

- qd 

~2xl.6x10·26 x1000xl.6x10·19 

B>--'-------~~----
- 1.6x10·19 xO.Ol 

B '?. ..fi. T 

(ii) (a) The radius ofhelical path is given as 

B 
mevsin0 

qRH 

B=9.6x J0·5T 

9xJ0--31 x108 xsin20° 

2x(l.6x10·19 ) 

~ p =9.397 x 107 x 3.69 x 10--7 

~ p=34.68m 

(iii) The radius r of the circular motion in magnetic field is 
given as 

mv 
r=-

qB 

For proton, we have 

For deuteron, we have 

ra miva qP 
-=--X-
rp mPvP qd 

... (1) 

Given that kinetic energies of the two particles are same so we 

have 

... (2) 

Substituting the value of v jv P from equation-(2) in equation-( 1 ), 
we get 

ra= ..fi.-rP =l.414x0.15=0.212m. 
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(IV) Given thatthe kinetic energy of electrons is 2ke V. So we 

can calculate the momentum of electrons as 

=> 

=> 

=> 

=> 

I 

2 mv2 = 2 X lQ3 X (1.6 X lQ-19)J 

m2 v2=2mx2x I03x(l.6x I0-19) 

mv= [2 (9.1 X lQ-31) X 2 X 103 X (1.6 X lQ-19)]1/2 

mv =2.41 x I0-23 N-s 

To hit the point S distance GS should be at least equal to one 
pitch of the helical path followed by electrons so we have 

(v) 

=> 

21tmvcos0 
GS=--qB--

B= 21tmvcos0 
q(GS) 

B= 2x3.14x2.4lx!0-
23 

x0.5 = 4 73 x IO-'T 
l.6xl0-19 x0.l · 

The kinetic energy of electron is 15000 eV. Thus we use 

I 2 

2mv =15000eV=l5000x(I.6x J0-1")J 

I 2 
-mv =24x 10-15 J 2 . 

(
2x (2.4xl0-15)J 

v= 9_]xl0-31 =7.3 x 107m/s 

Radius of circular motion is given as 

mv 
r=-

qB 

(9. 1 x 1 o-'1 )(7.3 x 10 7) 
r= ~-----,,,,.-'~--'c-- 0.0166m 

(1.6 xI0-19 ) x (250 x!04) 

(vi) Figure below shows the situation described in the 
question. When the beam will be focussed on pointP then the 
distance AP must be an integral multiple of the pitch of helical 
path. For a slightly divergent beam for which we can consider 
cos0 to be approximately equal to unity the pitch of helical 
path is given as 

~~gl}etic Effects of cUrte~f~nd Classical ,Ma95e,&~ 

b 

() 
i.-----1-NPn ---->! 

· For the magnetic induction BI if the distance AP is N times that 

of the pitch then for the magnetic induction B2 this distance 
will be (N + I) times the pitch so we use 

and 

=> 

/=N(
2
"~) 

qB1 

l=(N+l)(
2
"~) 

qB2 

2-~qV 
(B -B )/= -'-"J"'_""f_Y 

2 I q 

( 
_ . ) 2"= Bn2mqV => B2 B1 ,- 2 

q 

=> !f_ = 81t
2
V 

m f2(B2 -B1) 2 

... (I) 

... (2) 

(vii) The magnetic induction of the solenoid is directed along 

its axis. The magnetic force on the electron at any instant will 
be in a plane perpendicular to solenoid axis and the trajectory 

of the electron in the solenoid will be an arc of a circle. The 
radius r of the circular arch is given as 

mv 
r=- (I) eB ... 

The trajectory of the electron is shown in fignre below 

X X 

X X 

X 

X 

v A, 
\ X X / \ ____ _,____ I 
\ ! 
' ,I 
\ ' " ' \ ,' 

\ 9/ 
\ : ' ''' \I/ 
V 
O' 
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r. ,'~"-~·:-:---··- w- ,. ..• ,., •. ,. • 

~gnetlc Eff~Jli of Currents and Cl_asslcal Magnetism 

If electron leaves the solenoid at point C then from figure we 
have 

LAO'O = .!_ LAO'C 
2 . 

0 R 
tan-=-

2 r 

From equations-(!) and (2) we have 

e = 2tan-1 
( e::) 

... (2) 

... (3) 

The magnitude of velocity remains constant over the entire 
trajectory so the transit time of electron inside the solenoid is 
given as 

re m 
1=-=-xe 

v eB 

t= 2m tan-! (eBR) 
eB mv 

(viii) The force on electron is given as 
F=qvB 

Magnetic induction at point R is given as 

B= µ0 (2.5) + µ01 = .&_(!+/) 
2n(5) 2n(2) 4n 

Substituting the values, we get the force on electron as 

F=l.6x1Q-19 x4x !05 x 10-7 (1 +I) 

F=6.4 x 10-21 (1 + J) 

F=6.4 x 10-21 {I+ 1)=3.2 x 10-20 N 

/=4A 

(ix) The velocity component v2 of the particle is along Z-axis 
and parallel to the magnetic field direction thus it will not 
experience any force and will remain constant. Due to the other 
velocity component v1 which is in positivex-direction, particle 
will experience a force in negative y-direction and it will follow 
a circular path with center lying at a point C with position 
coordinates (0,-R, 0) initially. Dne to both velocity components 
the resulting motion of the particle will be a helical trajectory 
with axis parallel to z-axis passingh through the point (0,-R, 0) 
where radius of circle on XY plane is given as 

mv1 

R= qB 

The angular speed of the particle in its helical path is given as 

qB 
ro= -

m 

In a time I the particle will revolve by an angle 0 alongXYplane 
which is given as 0 = rot.X and Y coordinates of the particle can 
be calculated by considering the projection of the helical path 
on XY plane which is a circle. The position coordinates of 
particle at time tare given as 

, mv1 • (qBt) x=Rsin0= -sm -
qB m 

andy=-R(l-cos0)=- :: (1-cos( q:1
)) 

andz=v,t 

(x) Figure shows the situation described in the question. 
The electron follows a circular path with center C such that it 
just escapes the outer shell tangentially and does not collide 
with it. The radius of the circular path is given as 

mv 
r=-

eB 

X 

X X 

X 

X X 

X 

X 

X 

X 

X X 

X 

X X 
X 

From the above figure we have the length OC given as 

b-r= ~a2 +r2 

b2+r2-2br=a2 + r2 

b2 -a2 
r=~ 

mv b2 -a2 

-=---
eB 2b 

eB(b2 -a') 
v= 2mb 

Solutions of PRACTICE EXERCISE 4.4 

(i) For wire to slide up the incline we use 

Bll~mgsin a+ µmg cos a 

mg(sina+µcosa) 
B~ II 
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I,//' 
mg sin a 

N 
µN 

mg 

mg cos ex a 
N=mgcosa 

(ii) for the springs to remain unstretched ihe weight of the 
wire must be balanced by the magnetic force acting on the wire 
in upward direction. So for equilibrium of wire we have 

Bil=mg 

mg 1.0x!0-2 x9.8 
i = - = -'-'-"-'----A 

1B 0.6x0.4 

i=0.41A 

For the magnetic force on wire to act in upward direction , the 
direction of current should be from left to right. 

(iii) Repulsive magnitude force on wires per unit length is 
given as 

F = µoI' 
m 21tr 

Figure below shows the forces on the wires in equilibrium 
state. 

L L I 
' 2T I 2T I 

----10 0C_J __________ 9~)-----;-+F 
I r I ., 

l.g 

For equilibrium of wires we use 

2Tsin 0 = µJ'i2w 

2Tcos0 =Ag 

2rr1,.(L tan 0)g 

Magn~ti':_Ef!~~ts _of 2~~tifii~§tassical M,agfiel&ml 

,_ µoI' 
0 -

4
1t1.gL (for small angles we use tan 0" 0) 

0 = ~µ0/
2 

/ 4rr1,.g/ 

(iv) Initially the particle is moving undeflected that means 
electric and magnetic forces oh the particle are balanced which 
is given as 

qE=qvBcos~ 

E 
v = Bcos~ ... (1) 

When electric field is switched off, the protons are moving at 
an angle (90° -~) to the direction of magnetic field thus path 
followed by the particle will be helical of which pitch is given 
as 

. .,, 2rtm 
p =vsm'i'x--

H qB ... (2) 

Substituting the value ofv from equation-(!) in eqnation-(2), 
we get 

p = (-E--xsin~)x Zrtm 
H Bcos~ qB 

21tmE 
P =--tan~ 
~ qB' 

(v) Force on every element of width d/on wire is Bid/. This 
is perpendicular to the element in outward direction on all 

elements so the loop opens into a circle. The tension in circular 
loop can be directly given as 

Total scalar sum of radial force 
T= 

2rt 

Bil l.57xl.Ox0.5 
T= 2n = 2x3.14 N 

T=0.125N 

(vr") (a) The magnetic field at O will be only due to the curved 
path which is given as 

B= µoi 
4R 

The magnetic force per unit length of the wire at point O is 
given as 

F=Bi 
., 

F= µ,, 
4R 

F 
4x3.!4x!0-7 x(64) 

rx(O.l) Nim 

F=2 x !o-4N/m 
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[~gnetlc Effec'§~~h~rents_!ip~ _ _Gl,§l~Slc~r Magnetism 

(b) The magnetic induction at Owill be only due to twosemi­
infinite segments of wire which is given as 

B= 2x µoi 
4rr.(l /2) 

The magnetic force per unit length of the wire at point O is 
given as 

=> 

=> 

F=Bi 

µ0;2 
F=­

rr./ 

F= 1280 x J0--7N/m 

(vii) By work-energy theorem we can state that the work done 
by magnetic force in rotation of the square loop from initial 
position to horizontal position is equal to the work done against 
gravity in the process which is written as 

W -W =O MF gravity 

mg/ 
BIP.=-

2 

(viii) By impulse of magnetic force, if the wire attains a 
velocity v in upward direction then we use 

=> 

BD/it=mv 

Bql 
v=­

m 

Maximum height attained by wire MN is given as 

v2 B2q2J2 
h=-=--

2q 2m2g 

(ix) We consider a small element P oflength dx at a distance 
x from the end Oas shown in figure. 

z 

y 

---------,}!_____ -+I dx l+-

x a ............. p C 
<;;1-------",-t,,,ct--"'------+-.X a ...... , .... I I 

.,.,,. ... ----
R _____ _ 

-- --
ii, 

Cl' Cl 

' ' ' ' ' ii, 

The magnetic inductions produced at point P due to A and B 

areperpendiculartoAPandBPwhicharegivenasB1 and B2 • 

· ·· ······ · · ___ , .~. ---~2=r-11 
. ·······--··--·---'----'-"· 

The magnitude of magnetic induction B1 produced at P(x, 0, 0) 

due to wire A is given as 

Similarly, magnitude of magnetic induction B2 produced at P(x, 

0, 0) due to wire Bis given as 

B = µof 
2 21t~X2 +a2 

The components of B1 and B2 along X-axis cancel while those 

along Y-axis are added up. As B1 = B2 = B, we use the total field 
at point Pis given as 

Bp=2Bcosa 

=> 

=> 
µ0/x 

B =-~--
P rr.(x2 + a2

) 

Tl,e force dFacting on the current element due to net magnetic 
induction at point P is given as 

=> 

dF=Bidx 

dF= µ0 I
2
xdx 

rr.(x2 + a2
) 

Net force on the whole conductor is given as 

=> 

=> 

=> 

=> 

L I' 
F= fdF=f µ, x dx 

0 rr.(x' + a2
) 

/2 L dx 
p- _µ_·-s~x-~ 

- rr. 
0

(x2 +a2 ) 

µ 12 
L 

F= - 0-[ln(x' + a')] 
2rr. 0 

I' 
F= .&.......[In(L2 + a 2)-ln(a2

)] 
2rr. 

µ012 (L' + a
2 J F=-ln --

2n a2 

If the current in wire Bis reversed, the resultant magnetic field 
due the two wires will be alongX-direction and the force on the 
conductor along X-direction will be zero. 

(x) At t = 0, the particle is at (0, 0.4m, 0) and velocity is 
directed along positive direction of X. Thus the particle is 
moving in clockwise direction. As the particle is positively 

Study Physics Galaxy with www.puucho.com

www.puucho.com



c:,a.ged, the current associated with its motion is also clockwise 
or along positiveX-direction at (0, 0.4m, 0). The magnetic force 
on particle is towards origin so by rigbt hand palm rule we can 
see that the magnetic induction will be along positive Z­
direction. 

y 

(0, 0.4, 0) v1 = 5 mis 

0B 
;o~-=--+x 

z 

The radius of circular motion is given as 

0.04x5 
=> B= lx0.4 =0.ST 

Now we consider the collision with second particle. Using the 
law of conservation of momentum, we have 

=> 

=> 

(0.04+0.0IO)v =0.04X5/ +0.0!Ox(40ht)k 

o.osv = 0.20 i' + (0.40h,) f 

v, =4m/s and v, = 8 mis 

Due to v, combined particle tend to move clockwise along a 
circular path. But due to velocity v, it tires to move uniformly 
along Z-axis. So its resulting path becomes helical. 

The radius of helical path is given as 

(m1 +m2 )v, 0.05x4 
R=~--=-~= =02m 

(q1 +q2 )B 2x0.5 · 

Time period ofrevolution is given as 

2it(m1 +m2) 2itx0.05 " 
T= -~---=- = --- = - s 

(q, +q2 )B 2x0.5 10 

The axis ofhelix is located at 

y0 =(r1-R)=0.4-0.2=0.2m 

Angular displacement of the particle due to circular motion 
along helical path in given time is given as 

0= 21t(!...) or0= 21t[(1t/
4
0)] = 2: 

T (it/10) 2 

Magn_etlc_ E!!ects o_f _ClJrrents .anp Classical Magnetisinj 

Thus after the given time final coordinates of the particle are 
given as 

x=Rsin8=R=0.2m 

y= y0-R cos 0 =0.2m 

z =v,t=0.2m 

(xi) Ifwe consider the wire is placed along Z-axis and the 
initial direction of the electron is along X-axis then the magnetic 
induction in surrounding of wire exist in the.XZplane and it is 
in the direction of Y-axis in the plane of paper acting on electron 
outside the wire. By rigbt hand palm rule the magnetic force on 
electron will act in negative Z direction due to which its path is 
deflected as shown in figure-xx. The magnetic induction at the 
location of electron when it is at a distance x from the axis of 
wire is given as 

µoi 
B=B=­

Y 2m; 

LX 

Alongx andz direction the acceleration of the electron is given 
as 

qv0Bsin8 qv,B 
... (!) a=-

X m m 

and 
qv0 Bcos8 qv,B 

... (2) a= 
' m m 

As no work is done by magnetic force on electron, its speed 
remain constant so we use 

=> 

From equation-(!) we have 

=> 

v dv, = _!!.. '(vi -v2) µoi 
x dx m V O x 2nx 

v,dv, = µ0iq dx 

~(ii -v;) 2itm X 

... (3) 
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fMagnetlc Effects. of c:·urrents and Classical Magnetism 

Integrating the above expression we have 

~(v~ -v;) = µoiq 1n(!.) 
2nm a 

When x ismaximumx=xm we havev, = 0 which gives 

2runv0 

x = ae µoiq 

""" 
Solutions of PRACTICE EXERCISE 4.5 

(i) (a) The equivalent current due to revolution of electron 
in orbit is given as 

Current = Charge x Frequency 

j = (J.6 X 10-19) X (6.8 X 1015) 

i=l.l x 10-3A 

The magnetic field at the centre of circular orbit carrying a 
current i is given as 

41txl0-7 xl.lxl0-3 

B=-------
2x5.lxl0-11 

B = 13.6T /-/·'.·' ,_1! 
I If-Jr'·, I , ., 

(.b) Equivalent dipole moment of the rotating electron is gi~en 

as 
M=iA=i><rr?-

~ M=(l.l x 10-3)1t(5.l x 10°11)2 

~ M=90x 10-24 Am2 

(ii) The torque on a coil in magnetic field is given as 

t=BJNAsin0 

Where 8 is the angle which area vector or magnetic moment 
vector of the loop makes with the direction of magnetic 
induction. 

As the angle between the plane of the loop and the magnetic 
field is 30° which gives that 0 =90° -30° = 60°. Thus torque on 
coil is given as 

t=0.5 X 0.1 x20 X 0.05 X sin 60° 

,=4.3 x 10-3Nm 

""""- ""-- ----
The torqne vector direction is given by right hand thumb rule 
for cross product of magnetic moment and magnetic induction 
which is parallel to the 10 cm side of the coil and points 
downward along negative y-direction. 

(iii) The couple acting on a closed loop in magnetic field is 
given as 

,=BINAsin0 

For the triangular coil its area is given as 

1 
A = - (Base x height) 

2 

1 
~ A= 2(0.02x 0.01732)= L732 x !o-4m2 

Thus torque on coil is given as 

,=5 X 10-2 X 0.1 X 1 X (1.732 X 10-4) X) X sin90° 

,=8.66 x 10-7Nm 

(iv) (a) The magnetic induction at Pis due to the circular 
arc subtending an angle 120° and the straight wire MN. The 
magnetic induction BI at P due to the circular arc is given as 

The magnetic induction B2 due to straight wire at point P is 
calculated.by using the result of magnetic induction due to a 
finite wire ihish is given as . jl,J; 

O;j. J i/S: f µof (kin 60° + sin 60°) 
''f!(i/ // 41td \: 

The distf~ce-'<ifthe wire from Pis given as 
· d = acos 60°,'=.a/2 

I 
µonl' (..fj ..fjJ 

~ B,= 4it(a/2) 2+2 

-./3µof 
B2 = -- along(-Z)axis 

2ita 

Net magnetic field at point Pis given as 

µof ..fj µof 
B=B -B = -----

1 2 6a 2 rra 

µ0f [ 1 -../3] B= - --- alongZ-axis 
a 6 2,r 

Vectorially the magnetic induction at point Pis given as 

B = µol [!..- ..fj]f 
a 6 2,r 
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The velocity of particle v makes an angle of 60° with X-axis so 
its velocity vector is given as 

ii= vcos60°/+vsin60°]={i+ 1v }. 
ii ='::..(i+..{3]) 

2 . 

The magnetic force on charge Q at point Pis given by Lorentz 
force equation as 

Fm= Q(iixB) 

The acceleration of particle at point Pis given as 

Fm q (- B-) Q=-=-VX 
m m m 

a = - -(, +v3;)x- --- k _ q[v, r,;, µ0I(l ,fjJ·] 
m m 1 a 6 2,c 

(b) The torque on the cllllfent loop is given as 

'<=Mxii 

The magnetic moment of the loop is given as 

M=fx (Areaoftheloop) 

Area ofloop =Arc of the sector MNP-area of l'J'MN 

I 2 !(a) r,; A= -,ca -- - (v3a) 
3 2 2 

1ta2 ..{3a2 
=> A= -

3
---

4
- =0.6136a2 

The area is inX-Yplane as shown in figure so vectoriallyit is 
written as 

A =0.6136a2 k 

Thus torque on loop is given as 

'i = (Ix0.6l36a2 )kxBi 

'i = 0.6136IBa'] 

The direction of the torque will be along Y-axis. 

(v) Figure shows the situation described .in the question. 
When a magnetic dipole moment Mis rotated through angle 0 
from equilibrium position, in a uniform magnetic field B, the 

Magnetic ~ife~§ o[§\i'fr~s'and Classica.F~rf~H~nij 

workdone on it is given as 

W=MB(l -cos 0) 

1 
IR 
' ' ' 

r<<R 

... (1) 

Magnetic induction at common centre due to current in larger 
coil is given as 

B= µoi1 
1R 

Magnetic moment of smaller coil is given as 

M2=1tr'-i2 

... (2) 

... (3) 

Initially, the planes of two coils are mutually perpendicular so 
0 = 90° thus work done is given as 

W= (,c,2 i,) (µ0 i1/1R) (I -cos 90°) 

The workdone is equal to the final energy of the system which 
is given as 

... (4) 

When the system is released, dipole starts rotating to attain 
equilibrium position. The magnetic energy is converted into 
kinetic energy of both the coils. The kinetic energy is maximum _ 
when it reaches the equilibrium position or the kinetic energies 
are maximum when the coils become coplanar. The two coils 
rotate due to their mutual interaction only and if one coil rotates 
clockwise, then the other coil rotates anticlockwise. 

If ro1 and ro, be the angular velocities oflarger and smaller coils 
when they become coplanar then by law of conservation of 
angular momentum we have 

110)1 = 12 0)2 

According to law of conservation of energy we have 

I 2 I 2 
-J1ro1 +-/2ro2 = U 
2 2 

From equations (5) and (6), we get 

I I (/2ro2)2 I I 2 - I -- +- 20)2 = U 
2 1, 2 

I '2 [/2 ] => -/2ro2 -+I = U 
2 . 1, 

... (5) 

... (6) 
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I Magnetic Effects of Curren is-and Cla,sslc~I Magnetism 

~ .!_ J,ro~ = u11 

2 11 +12 

... (7) 

Thus maximum kinetic energy of smaller coil is given as 

('1') For equilibrium of beam balance as given in question 
magnetic torque on coil C is balanced by the torque of weight 
placed on pan so we use 

(vii) 

'tmagnetic on C = 'tweight ofM 

BINA=Mgx/2 

Mg/, 
B= INA 

(a) Magnetic induction in space is given as 

ii =B(cos45i +sin45]) 

The .area vector of the coil is given as 

Torque on coil due to magnetic field is given as 

't = 10(AxB) 

t = J0[L2kxB(cos45i +sin45})] 

t = J0I'B[cos45°}+sin45°(-i)] 

10L2B , , 
t = ,J2 (-1+ 1) 

(b) Axis of rotation of the coil is along the direction of torque 

so unit vector along the axis of rotation is given as 

(-i + }) I ,J2 . The frame will experience a torque about axis 

SQ in its plane and magnitude of torque is given as 

t=IJ}B 

Using the perpendicular axes theorem, the moment ofinertia of 
frame about the axis ofrotation SQ is given as 

....... ··-·---- -----,.~, .. •:2illj 
--·" ------~---- ---~-==-

The angular acceleration of the coil is given as 

t 
a=-

1 

a= _1~0_L
2
_B_ = 310B 

2l3Mif 2M 

Angular rotation of coil in time Mis givenas 

I 2 
0 = 2a(t.t) 

.I 310B 2 
~ 0=-x--xM 

2 2M 

~ 0 = 31oB (M)' 
4M 

(viii) To calculate the magnetic moment of the given half toroid 
we consider an elemental coil of angular width d0 at an angle 0 
from the central line as shown in figure. 

The number of turns in the elemental coil are given as 

dN= N d0 
1t 

The magnetic moment vector of the coil is in the direction 
normal to the area of this elemental coil as shown in figure 
which is given as 

1td' N 
dM=lx-x-d0 

4 1t 

dM=.!_Jd'Nd0 
4 

The component dMsin0 will get cancelled out due to the 
symmetrical elemental coils on the other side of central line 
and the componenet dMcos0 will be added up as all these 
componenets are directed toward left. Thus total magnetic 
momento fhte half toroid is given as 

M=fdMcos0 

+n/2 l 
M= f 4Jd'Ncos0d0 

-it/2 
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(ix) 
by 

- !__ Id' N[ . 8]+"12 
M- 4 Sill -rr./2 

M= !__Id'N[(l)-(-1)] 
4 

M= !__Id'N 
2 

The magnetic induction at the centre of solenoid is given 

B= µo"i 

(
200) B=(4nx J0-7)x 
0

_
25 

x(2.4)T 

B=2.41 x I0-3T 

B = 2KM 
H r' 

2xl0-
7 

x0.2 IO-'T B =--~-=4x 
H (0.1)3 

Bn=40µT 

(ii) Figure shows the situation described in the question. 
At Point P, radial magnetic induction due to dipole is given as 

2KM 2x!0-7 x6 
B,=? = (0.2)3 T 

B,=I.5x !0--4T=l50µT 

The torque t required to keep the coil at an angle of90' with B Magnetic induction along east direction at point P, due to 
is given as dipole is given as 

t = BINA sin 90° 

t= [2.41 x J0-3 x 0.5 x!O x [nx (10 x J0-3)2] 

t=3.78 x 10---Nm 

(x) For a moving coil galvanometer we use 

i=(N~A)a 
ce (I o-s )(90) 

B = -NiA-. = -IO_O_,_x_l_O-"-'--'--x~l'---0--4~ 

B=90T 

Solutions of PRACTICE EXERCISE 4.6 

(i) At neutral point uet magnetic induction is zero. Thus at 
point Pin figure the magnetic induction of magnetic is toward 
south and that due to earth's horizontal component is toward 
north. The two fields cancel each other at neutral point so we 
use at point P 

jNt" 
pt l 

: B, 

' r= 10cm ! 
' 

··------ ---~--------•' 
: 
' • s 

B =B sin60°= 150x ,/3 
X r 2 

B,= 75,/3µT 

Magnetic induction along north direction at point P, due to 
dipole and that due to earth is given as 

B,=Bn+B,cos60' 

B, =30+ 150(1/2)= 105µT 

N 

E 

Net magnetic induction at pointP in horizontal plane is given 
as 

Bp= JB; +B; = ~(105)2 +(75,/3)2µT 

=> Bp= 30,J31µT 

(iii) (a) The resistance of wire is given as 

R= pl 
A 

Where length of coil wire is given as 

I = (2w-) x 50 = 2n x 5 x 50cm =500= 
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!Magnetic Effects ot"Currenis~ri_il_ 91a~sical Magnetism 

Cross sectional area of coil ~re is given as 

=> 

A =1tx (O.Ol)2=1tx lo-4cm2 

2x10--,; x5OOit 
R=----=I0Q 

itX10--4 

Thus current in the coil is given as 

E 10 
i=-=-=IA 

R 10 

(b) The magnetic induction B at the centre ofa circular coil is 
given by 

=> 

µ0NI 
B=--

2R 

4itxl0-7 x50x[ 
B=------

2x5xl0-2 

Above calculated magnetic induction is to be equal in 
magnitnde to that of the earth's horizontal component of 
magnetic induction and in opposite direction so we have 

41txl0-7 x50xl ""' 
2 =0.314 X !u ' 

2x5xl0-

=> 

Potential difference across the coil 

V=IR=5 x 10·2x I0=O.5V 

The plane of the coil should be normal to the magnetic meridian 
to nullify the net field at its center. 

(iv) The situation described in question is shown in the 
figure 

At the common center of coils the vertical coil produces a 
horizontal magneic field B h and horizontal coil produces the 
vertical field B ,· These are given as 

B = µ0Ni1 
h 21j 

- ---- -· --------2-7-7] 

If BH and Bv are the horizontal and vertical components of 

earth's magnetic field at the common center respectively, then 

these are given as 

and 

BH= µr/fH=41tX 10-7 x 27.8T 

liy=BHtan9=4itX IQ·7 x27.8xtan3O°T 

To neutralize net magnetic field at center we use 

B = µ0Ni1 =B 
h 21j H 

=> 

and 

=> 

µ0Ni2 B=--=B 
v 2r2 v 

. 2r2By· 
I=--

2 N 

Substituting values in equations-(!) and (2), we get 

and 

ii =lll.2mA 

i2 =96.3A 

... (I) 

... (2) 

(v) From figure we can see that in a vertical plane at 30° 

from the magnetic meridian, the horizontal component of earth's 
magnetic field is given as 

Magnetic 
Merdian 

Vertical component of earth's field at the point will remain same 
as B,.. So apparent dip will by given as 

=> 

=> 

=> 

=> 

Bv Bv 
tan 9'= -, = B 300 

BH H cos 

tan9 
tan9'=--­

cos3O0 

9 = tan-1 [tan 9' cos 30°] 

9 = tan-1 [(tan45°) (cos 30°)] 

9=41° 
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0 

(Vi) The situation described in question is shown in figure 

B, 

!+----- 30cm ------
900 

••[:1;';.E~-2--~1•l~---,;fl::'...,, ..... n, 
S O N p• I 

' ' ' I 
' I 
' 

:; T 
s 

At point Pthe magnetic induction due to first magnet is given 
as 

2KM 
B=--

1 r,3 
I 

10-7 x2x0.l08 
B1 (0.3)2 T 

B 1 =8xJ0-7T 

At point P the magnetic induction due to second magnet is 
given as 

µo 2M2 B =-X--
2 41t d3 

2 

10-7 x2x0.192 
B =-----T 

2 (0.4)2 

B2=6 x !0-7T 

B I and B2 are mutually perpendicular to each other so the 
resultant field at Pis given as 

B= JcB1
2 +BJ.) = 10 x 10-1 = 1~T 

(vii) In tanA position of magnetometer we have 

2KM By J' =Bytan30= ../3 

The magnetic moment M' of second magnet is given as 

M'=(3m)(2 x2l)=6M 

In tan B position, 

K(6M) 
d 3 =Bytan0 

Dividing equation-(2) by equation-(!), we get 

6 tan0 

2= (1/../3) 

... (1) 

... (2) 

Magnet[c El(ei:ts o(Currery)S'and .C::lassica('.J;!afnei'fffl.J 

6 I 
tan0 = -x-

2 ../3 

I 
tan 0 = 3x ../3 = ../3 or 0=60°. 

(viii) In horizontal plane, the magnetic needle oscillates due 
to horizontal component of earth's magnetic field Bn for which 

the time period of oscillation is given as 

T= 21tJ I 
MBy 

Above result of time period is already discussed earlier in an 
illustrative example. Students are advised to remember this 

result for oscillation of a magnet in magnetic field. 

In the vertical north-south plane in magnetic meridian the needle 

oscillates in the total earth's magnetic field BE' and in vertical 
east-west plane which is a plane perpendicular to the magnetic 

meridian it oscillates only in earth's vertical component Br If 
the time period be T1 and T2, then we have 

T = 21tJ I and T. = 21tJ I 1 MBE 2 MBv 

From above equations, we have 

T/ By 
T2 = BE 

If n is the initial frequency of oscillation in horizontal plane 
then we have 

and 

BE 2 
We also have - = sec 30° = -

By ../3 

and 
Bv I 
-=tan30°=-
By ../3 

nf=n
2
(~) =(20)

2(1) 
n 1 = 21.5 oscillations/min 

and 

n2 = 15.2 oscillations/min 
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Solutions of CONCEPTUAL MCQS Single Option Co"ect 

Sol. 1 (C) The radius of circular trajectory of a particle in 
uniform magnetic field is given as 

mv 
r=-

qB 

When vis doubled, ris also doubled and becomes 5.Ocm_ 

Sol. 2 (B) We know that magnetic lines around a straight long 

conductor are concentric circles. If the wire is bent at a point 
then due to non symmetric orientation of wire lines will no 

longer be circular so these become oval in shape. 

Sol. 3 (C) Time period ofcircular motion in magnetic field is 
given as 

27tlll 
T=­

Bq 

Above relation is indepeodent of speed so it will remain the 
same. 

Sol. 4 (B) For electron the distance is given as 

and for proton the distance is giveo as 

s = _!_(eE)i2 
p 2 I m, 

Sol. S (A) In the situation described in question we have 
kinetic energies of the particles 

KP=Kd=K.=K(say) 

We know that charges on particles are 

q =e q = and q =2e p ' d a 

and m =m m =2mandm =4m p ' d a 

In uniform magnetic field radius of circular motion is given as 

mv ../2mK 
r=-=---

qB qB 

..JzmK r =--­
P eB 

r = d 

~2(2m)K 

eB 

- ·- ---- ---·--··----2-7~9] 

~2(4m)K 
=r 

(2e)B P 

Sol. 6 (D) Magnetic moment of a planer loop is along the 
direction of its area vector which is normal to the loop and we 
consider the vector direction depending upon the direction of 

curreot in loop using right hand thumb rule or right hand screw 
rule. 

Sol. 7 (B) Using right hand palm rule we can find the direction 
of magnetic force on one wire due to the magnetic field ofother 
wire and analyze that parallel wires carrying curreot in opposite 
directions repel each other. 

Sol. 8 (C) In uniform magnetic field the force on any current 
carrying loop is always zero_ 

Sol. 9 (B) At the same distance from the wire magnetic 

induction is same in magnitude and direction is tangential to 
the circular line of force passing through that point. 

Sol. 10 (B) By the expression of Loreotz force we can see 
that if the angle between motion of charge particle and magnetic 
field is 0° or 180° theo net force comes out to be zero due to the 
cross product in expression of force. 

Sol. 11 (A) For a finite wire carrying a current the magnetic 

induction is giveo byequation-(4-2O) in which we can substitute 
the values of 01 and 02• 

Sol. 12 (C) Initially the tangent galvanometer coil is kept in 
magnetic meridian so that its magnetic induciton is at right 
angle to the horizontal component of earth's magnetic field so 

the calculation of deflection angle in terms of both the field 
induction is easier. 

Sol. 13 (B) Here we use for the bigger coil, magnetic inductioo 
at axial point of a coil, it is giveo as 

µ0 i(2r)2 
B = -x-~-'-~~7 

Y 2 [(2r)2 + (d)2
]
312 

Here we use for the smaller coil, magnetic induction at axial 
point of a coil, it is given as 

- 2 µO IT 
B = - x~,----c-c-cc-

x 2 [r2 +(d/2)2]312 
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Sol. 14 (D) Using right hand palmrulewecan find the direction 
of magnetic force on one wire due to the magnetic field of other 
wire and analyze that parallel wires carrying current in same 
directions attract each other. 

Sol. 15 (D) At the symmetrically located point between the 
two wires magnetic induction due to the two wires will be 
equal in magnitude and opposite in direction so net resultant 
will be zero. 

Sol. 16 (B) Using right hand palm rule we can find the direction 
of magnetic force on one wire due to the magnetic field and 
analyze that it acts in upward direction. 

Sol. 17 (A) At a distance r from centre we have the magnetic 
induction is given as 

B= µo (i,.) 
21t r 

Fir. point I inner current is J but for path 2 enclosed current 
through the symmetric ampere's path is zero so option (A) is 
correct. 

Sol. 18 (D) We use the relation 

M=.!J.._ 
L 1m 

Sol. 19 (D) Magnetic field around a straight current carrying 
conductor is in form of concentric circles and inversely 
proportional to the distance from the wire and same only in 
magnitude at the same distant points from the conductor. 

Sol. 20 (B) For geographical meridian, 

By 
tan 0 = 1 Bncosa. 

In a plane perpendicular to magnetic meridian 

Bv' By 
tan 0 = = --'--

2 BH cos(9O-a) B8 sin a 

lane, sin<!> 
--=--=tana 
tan02 cos a. 

Sol. 21 (C) In magnetic field the torque on a current carrying 
loop is given as 

, =MxB 

Magnetic Effects of ·curren§C~~:~1~-~M~gJ!e)i~ 
Due to restoring torque on coil when a current flows in it, 
needle attached to the coil axis gives deflection on a calibrated 
scale to measure the current. 

· Sol. 22 (A) The force acting on a charged particle in magnetic 
field is given by 

ft =q(vxB) 

F=qvBsin0 

When angle .between v and B is 180° the force becomes 

F=O 

Sol. 23 (C) As the wire segment in loop which is parallel and· 
close to the wire carry current in same direction the attractive 
force on this segment by the wire will be more than the parallel 
segment ofloop which is farther away of wire so it will be 
overall attracted toward the wire. 

Sol. 24 (D) When the electric and magnetic forces on electron 
are equal and opposite then it can go undeflected in the region. 

Sol. 25 (C) The magnetic induction atthecenterofthecurrent 
carrying circular coil is given as 

µ,NI 
B=--

1R 
Thus in the situation described in question· it will become four 
times of the initial value. 

Sol. 26 (B) Time period of revolution ofa charge in magnetic 
field is given as 

11tm 
T=-

Bq 

1i m, q, 
-=-x-
T2 q1 m2 

Sol. 27 (C) If R1 and R2 be the radius of the circular paths 
described by the particles X and Y respectively in uniform 
magnetic field B. Then we have 

and 
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!Magnetic Effects of -Currents and Cl".~~ical _Magnetism 

... (1) 

As these are accelerated by the same potential, the kinetic 
energy acquired by these will be the same so we use 

I 2 1 2 
2m1v1 = 2m2v2 

m1vf =mzvf 

Sol. 31 (C) The radius ofa charge particle in magnetic field is 

given as 

mv 
r=-

qB 

..J2mK 
r=---

qB 

Here charge of alpha particle is twice that of proton and its 
mass is four times that of proton thus radius of both will be 
same as their kinetic energies are same. 

Sol. 32 (D) As we know that magnetic induction due to a 
circular coil has a proportional relationship given as 

n 
Boc -

r 
' ... (2) Here number of turns becomes 4 times while the radius becomes 

(l/4)times. HenceBbecomes 16times. 

Substituting the value of (v,fv 1) from equation-(2) in 
equation-()), we get Sol. 33 (C) Electrostatic force between electrons is given as 

.'!!!.. =(~)2 
m2 R2 

Sol. 28 (B) We know that magnetic force is always 
perpendicular to the direction of motion of charged particle 
thus its e~ergy remains constant. Momentum changes because 
velocity of particle changes due to change in direction. 

Sol. 29 (D) As velocity of electron is parallel to electric and 
magnetic fields it will not experience any magnetic force and 
electric force in direction opposite to its motion so its speed 
decreases. 

Sol. 30 (C) Magnetic induction due to the single turn circular 
coils at their centre is given as 

B = µoi, 
. I 21j 

µoi2 
B=-

2 2r2 
aod 

Given that r2= 2r1,B1 = B2 aod 12 = 2i1 

Vq i,_xr2 2i1 21j 4 
-=--=-X-=-
Vp i1X'i i1 'i 1 

I e2 

F=--X-
e 41tEo r2 

Magnetic force force between electrons is given as 

F = µ0 (e2v2 J 
m 41t rl 

Sol. 34 (B) As velocity of electron is along the same line of 
magnetic field, it will not experience any magnetic force and 
electric force on electron will act in direction opposite to electric 
field. 

Sol. 35 (D) The radius of curvature of a charged particle 
moving in uniform magnetic field is given as 

mv ..J2mK 
r=-=---

qB qB _ 

.JzmK' 
r'=-'---

qB 

~ = J(~) = JK;2 = Jz 
I 

r'=-·r 
..fi. 

Sol. 36 (D) For the perpendicular motion a charge particle 
moves in a circular trajectory in magnetic field. 
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Sol. 37 (D) In the given situation the currents are in opposite 
direction. The magnetic fields will be added up at 0. Thus the 
net magnetic field is along negative Z-axis. 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol. 1 (B) Magnetic induction due to a straight current 
carrying wire is given as 

B= 
4
µ0 i (sin9O+sin(-0)) 
"a 

µo i 
B= -- (l -sin0) 

4rc a 

B=-- l µo i ( 
4rc a 

'l' 
' ' ' ' 

r 

t t 
Ai ------.... ! 

I -----.. 900 I 

' --- ''1/1 
I 8[''-.i~J 

(O,O)i (a,O) 

' 

Sol. 2 (D) The acceleration of the rod is given as 

i/B 
a=­

m 

Speed attained by the rod after time tis given as 

(w) V= ,m t 

Substituting values we get 

V=2Ocm/s 

Sol. 3 (A) Magnetic induction. due to a straight, current 

carrying wire is given as 

B= µo~ (sin9O°+sinl35°) 
4rc·-

../2 

B= µof (../2-1) 
4rcR 

Sol. 4 (B) Magnetic induction at point P due current I1 is 
given as 

- µ0f1 - 4rcxl0-7 x2 - -
B1= ~~k = ---~k =(4 x 10-5T)k 

2rc(AP) 2rcxlx!O-2 

Magnetic induction at point P due current I2 is given as 

_ µ0f2 , 4rcx10-7 x3 , , 
B2= 2 (B'")J= -2 J =(3 x [0-5T)J 

re r 2rcx2x[O 

So net magnetic induction at point Pis given as 

n =(3x 10-snJ +(4x 10-5T)k 

Sol. 5 (C) In time ; = ; which is halfofrevolutioI.1 time 

velocity will get reversed in yz plane which is given as 

v = 2i-3}-4k 

Net force on the particle is 

q(E+vxB)=O 

=> If=- (vxB) =-(2t-3}-4k)x2t =-6k+8} 

Sol. 6 (D) Magnetic induction at centre of coil is given as 

µof 
Be= 2R 

Magnetic induction at a point on axis is given as 

µo/2rcR2 
B =-~----

A 4rc(R2 +x~)312 

According to given condition we have 

µof = 
4R 

I 
=> 2R 

1 

µofx2rcR 2 

4rc(R2 +x2)J/2 

=> 2 (R2 +x2)312 

=> (Rz + x2)3l2 = 2Rl 
=> ((Rz + x2)3l2)'13 = (2R3)213 

=> R2 + x2 = (2)"3 R2 

=> x2 = R2 ((2)213 -1) 
=> x=0.766R 

Sol. 7 (B) From the diagram in question, for equilibrium, ,we 
can write 

T1+T2 =Mg 
Torque on ring is given as 

t=Mx B=ipR2 B sin45° 

ircR2B 
t = ..fi. 

... (1) 

Above torque is anticlockwise as viewed from top on xz-plane. 

Balancing torque about mid point, we have 
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[MagneticEflects:,>f'currents and Classical Magnetism 

T1 =T2+1tiRB 

mg 
T,-T2=4 

Using equations-(!) & (2), we get 

5mg 3mg 
T,=-s-,Tz=-s-

... (2) 

·-· · -------------.----.-.2-'si] 

Time taken to go from B to C is given as 

t= f =: (½) 
21t 

ro=-
3t 

Sol.11 (C) By Ampere's law we have 

fii-di =µJ 

For loop A, fii-di = µ0 (0) = 0 

ForloopB, fii-Ji=µo(l+l-l)f=µJ 

Sol. 8 (A) Current due to helium nucleus revolution is given For loop C, f ii-Ji=- µJ 

/ 

as 

2xl.6x!0-19 

f= 2 

Magnetic induction at centre is given as 

41tx10·7 xl.6x!0-19 

2x0.8 

Sol. 9 (D) Impulse on conductor when charge 'q' passes 
through it is 

F=Bql=mv 

If 'h' is the height attained by conductor, we use 

v=~2gh 

mfigh 
q= 

IB 

Sol. 10 (B) 'A' records zero magnetic field when a particle is 
moving on a line which passes through A, which happen when 
tangent to path passes through A. Angle covered between 

21t 
two such point B and C = 3 as shown in figure. 

-----c 

R 

1' .................... .. 
R,l .......... 

1_<_ '600_-4 ____ -_--_-..-",. __ \:~ '•,, A 

---

---B 

ForloopD, fii-Ji =-µJ 

=> B>A>C=D 

Sol. 12 {A) The angle subtends by each wire segment are 
given as 

360 
0=-=45° 

8 

Magnetic induction at P due to arc ofradius r is given as 

B= µof xi 
4rrr2 

Where I is the arc length which is given as 

,r 
l=tfJ= -r 

4 

µof 
B=-

16r 

Total magnetic indention is given as 

µof µof . 
B = - x4= - mwards 

TI 16r 4r 

Magnetic induction due arc ofradius 2r is given as 

B= µof x/ 
4rr(2r)2 

Where I is.the.arc length given as 

µof " B=-- x - x2r 
16rrr2 4 
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Total mangetic induction due to all these arcs is given as 

µof " 
B = -- x - x2rx4 ~ 12 l6,cr2 4 . 

Net magnetic induction at Pis given as 

µof . ds -mwar 
8r 

Sol.13 (D) Particle rotates in a circle iny-zplane, with radius 
of circle given as 

mv0 v0 r=--=-
. qB aB 

Its time period of motion is given as 

2,c 
T=-

aB 

7C 
After time t = -B , which is half the time period, particle 

oa 

would have completed half circle in y-z plane, and will be at 

-2v0 y=0andz=-2r= aB as shown in figure. 

Particle continous to move with constant velocity in x-direction 
and will b~ at a location given as 

x=vo(B:a) 

=> Position 1s --, ,--... (v0,c O 2v0 ) 

B0a aB 

Sol. 14 (C) Magnetic induction due to AA' and BB'is given 
as 

µoi 
Bi= 41tR 

Magnetic induction due to CC' and DD' is zero at 0. 
Magnetic induction due to BA is given as 

µoi 
B2= 8R 

Magnetid induction due to CD is given as 

-µoi 
B3= 8R 

Thus net magnetic induction at O is given as 

Sol. 15 (B) The magnetic field at a far away fixed point on 
axis of current carrying ring is directly proportional to dipole 
moment of ring so we have 

B oc ill-

Sol. 16 (A) At point A, the magnetic induction due to both 
the cylinders is along +y direction. The magnitude ofinduction 
due to one cylinder is given as 

B = µoJd 
l 4 

Net magnetic induction at point A is given as 
B=B1+B2 

B µoJd . th + d. . = -
2

- m e y rrectton. 

Sol. 17 (A) As net magnetic induction atthe center of coil is 
zero, we have 

µo ·i1 Nxµ 0i;z 
2,c(d +r) Zr 

i1 r 
N=-----

i2 1t(d + r) 

54 0.22x7 

3.5 22(0.27) = 4 

Sol. 18 (A) The magnetic induction due to one proton on the 
other is given as 

B= µoqv 
4,cr2 

The magnetic force on protons due to other is given as 

q2v2 
F'. =qvB= ~µ~0=--,-

B 4,cr2 

Electric force on the proton due to !her beam is given as 

F'. =qE= qkq = kq2 
E 

7
2 

7
2 
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IMagnelic Effects of Currents and c2as_s!c_al Magnetism 

Sol.19 (D) A andPwill havethesamemomentuin in magnitude 
and they will move in opposite directions. They will move in 
the circle of same radius and the same centre but in opposite 
directions. If they meet after time I then we have 

=> 

=> 

2it 
t=--­

O)A +©p 

t= 
4(A-4)nm 

eBA 

2it 

2e.B 2eB 
--+ 
4m (A-4)m 

2(A-4)11 48 
0 - =-n 

A A . 25 

n=48 
y 

p XB 

----+Z 
p A 

Sol. 20 (D) As time period of circular motion of a charge 

particle in magnetic field does not depend upon its speed so it 

does not depend upon its kinetic energy. 

Sol. 21 (D) The particle will move along a circle of radius 

equal to the radius of circular region in which magnetic field is 

present as shown in figure. 

B 

R ® 
-+-+--·i:i C 

F 

' ' 
' ' ' ' 

1,. __ ..,,4_..,.-
0 F 

Radius of circular motion is given as 

mv 

=> 

R=-
qB 

qBR 
v=-­

m 

5x10--6 x4x (0.l) 
v= ----~~ 10-3mts=!mm/s 

2xl0-3 

.. -- . ------· ------2-8~5] 

Sol. 22 (A) To enter region 2, radius or particle in region l 
should be greater than d so we have 

=> 

mV 
R=->d 

qB 

V> qBd 
m 

J.6x10-19 x0.00!x5xl0-2 

V>----------
9x10-31 

V> _I!_ x 107 m/s 
9 

To come out ofregion 2 we use 
2R>d 

=> 

2mV 
-->d 

qB 

V> qBd 
2m 

V> J.6x10-19 x0.002x5x10-l2 

2x9x10-31 

8 
V>- xl07 m/s 

9 

Sol.23 (B) ForceonwireABCisgivenas 

IFABcl =i/B 

=> IF ABC I =(2)(5)(2)=20N 

Sol. 24 (B) The charged particle moves in a circle ofradius 

a 

2 so we have 

mv2 

qvB=­
a/2 

2mv 
B=­

qa 

®B 

V 
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~f.rr;.•i_·. ------"--
Sol. 25 (C) Acceleration of particle is given as 

a= 
q(vi x B}) + qEk 

m 

q(vB+E) , 
k 

m 

~ol. 26 (A) Unit vecotr along z direction is given as 

p. =i: 
Magnetic induction in region is given as 

n = 3}+41 

Torque vector on the ring acts along the direction 

p. x B = 3}-41 

Thus the ring will topple about a point located on the line 

perpendicular to the direction of torque vetor which is 3/ + 4} . 
Thus the point on ring located in.this direction is (3, 4) 

Sol. 27 (A) Magnetic induction inside the solenoid is given 

as 

N 
B=µ0Li 

Where N are total number of turns & L is length of the solenoid. 

Time period of revolution of electron is given as 

2itm 
r=-qB 

Pitch ofhelical path is given as 

p=VjlT 

Number of revolution in covering a distance L along the length 

of solenoid is given as 

L L·qB 
N=--= 

pitch 'ii · 2itm 

µ0 ·Ni q 
N=--·-

Vij • 2it m 

Substituting values gives 

4itx!0-7 x8000x4x,JJ xl011 

N= ----~---- = 1600 x 103 
400--,JJ x2it 

Sol. 28 (C) Magnetic induction at the center of square and 
circular loop are given as 

B = 2-./2. µof B = µof 
i itL' 2 ZR 

DO 
Ratio of magnetic inductions is given as 

Bi = 4-./2. R 
B2 it L. 

As length of wires is equal, we use 
4L=2itR 

Bi 8-./2. B 2 "2 

B2 = 7 ' °"i; = 8-./2. 

Sol. 29 (B) The magnetic moment of the magnet is given as 

M=I0x JQ'2 x2=20x 10-2Am2 

M=0.2Am2 

Torque on the magnet due to earth's magnetic induction is 

given as 

,=MBsin9 

s=0.2 X (0.32 X Jo-4) Sin30° 

, = 0.2 x (0.32 x I o-4) x (1/2) 

s=32x 10'7Nm 

Sol. 30 (B) Induced electric field at a distance R from center 

is given as 

RdB R 
E=--=-a 

2 dt 2 
Speed attained by the bead is given as 

qE 
v=-t 

m 

For circuilar motion ofbead, from below figure, we have 

mv2 

qvB-N= R 

aq2Rt 
N= -- (2B +at) 

4m 0 

X X X 

X 

X 

X X X 
V 

Sol. 31 (B) Torque on bar magne! is given as 

s=MBsin9 

=> ,ocsin9 

=> 
.1. = sin91 

'2 sin92 

,x2 
or sin 92 = 1/2 => --=--

'1 sin92 
=> 82=300 
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!Magnetic Effects: Qf Currents a~d -Classicaf_Ma~netism 

Sol. 32 (A) Using Ampere's law for the given loop, we have 

<f,(iip +liQ)dt = µ/ 
=> +1211o-6µ0=µ/ 

/=6A 

Sol.33 (A) Atx=Oandy=±2mweuse 

FMNP = FMP = zlMPxii] 

FMNP = 60/ 

Sol. 34 (B) If the springs are compressed by a distance x0, 
we use for equilibrium ofrod 

2Kx0 + mg= i/B 

i/B-mg 
xo= 2K 

Length of spring becomes 
1=10 +x0 

Sol. 35 (C) Let new angle of dip be 0'. Then we have 

tan40 tan40x2 
tan0'= -- = -~-

cos30 Jj 

This is more than 40° 

Sol. 36 (C) Magnetic induction at O is given as 

Ji=~: [(1-Jz)<-J>+()z)J+k] 
x=2 

Sol. 37 (D) Figure below shows the path of motion of the 
particle. 

X 

X 
x=O 

X 

X 

X 

X 

x=d 

Deviation angle ofpaticle is given as 

d d 
sin0= - = ---

r (mvl Bq) 

!1... = vsin0 
m Bd 

2871 

Sol. 38 (B) The magnetic induction due to any one segment 
of wire is given as 

B= 
4 

(d . ) (cos0°+cos(180-a)) 
7t Slll a. 

B= 41t(dsina) (I -cos a) 

µ0i a 
B=-tan-

41td 2 

__ ... -·· 

··-..• __ 

Resultant magnetic induction at Pis given as 

µ0i a 
B =2B=-tan-

P 2nd 2 

Sol. 39 (D) Dip angle is given as 

tan0=BvfBH 

=> Bv=BHtan0=(0.35x Io-4)tan60° 

=> Bv=0.60 x !o-4T 

Sol. 40 (C) In uniform magnetic field, magnetic force on POQ 
is equal to the magnetic force on straight wire PQ having the 
same current as shown in figure below. 

y 

Thus force is given as 

F = i(/xB) = i(PQxB) 

F = 2[(4t)x(--0.02f)J = co.16}) 

ii = F = co.16}) = (i.6}) mis2 
m 0.1 
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Sol. 41 (A) Magnetic field at Pis B, perpendicular to OP in 
the direction shown in figure. 
Sowe have 

B =Bsin8i-Bcos8} 

Where 

. y X 
sm8= - and cos8= -

' r r 

y 

p Bsin8 

9 

r 
Bcos8 

B 

y 
9 ~~--~----+x 

1<--x---+1 

Sol. 42 (B) As tim_e period is same in both horizontal and 
vertical plane we have 

Bv=Bn 

B 
tan8=-1'...=J 

Bu 

8=45° 

Sol. 43 (C) The radius of circular motion is given as 

r= mv = ~ = /Fii(_!_) 
qB fBq Vq B 

Sol. 44 (B) For equilibrium of the system, torques on M
1 

and 
M2 due to B H must counter balance each other so we have 

M 1 xBy=M2 xBH 

If 0 is the angle between M1 and B H then angle between M
2 

and 
B H will be (90 - 0) so we have 

M1Bysin 0=M,Bi;,in(90-0) 

M2 M I 
tan 0 = M1 = 3M = 3 

Magnetic. Eliectsoi .£ilir.!irts ',an<! Classical t.,~gg_\iJ~ 
Sol. 45 (A) Magnetic induction set up by large loop at the 
centre of smaller loop is given by 

µ0i 41tx 10-7 x 15 
B=-=----

1R 2x0.157 

=6 x I0-5 Wb/m2 

Torque= µB sin 0 =(Ni A) B sin 90 

= {30 x 1 x Jt(o.01)2} (6 x Hr5)(1) 

= (9.42 X J0-3) X (6 X J0-5) 

=0.57xJ~Nm 

Sol. 46 (A) Magnetic induction at equatorial line due to a 
dipole is given as 

B= µo xM 
41t d3 . 

10-7 x8 
~ B = ------::--,,- = Io-4T 

(20x10-2 )3 

Sol. 47 (A) The magnetic field will exert force in negative 
z-axis direction on charged particle while electric field will exert 
force in positive z-axis. As particle moves in a straight line, we 
have 

qE=qvB 

E 
B=­

V 
B=IO'T 

Sol. 48 (A) Magnetic induction along the axial line is given 
as 

B= µo xM 
41t d3 

10-7 x8 
B=---~ 

(20x10-2) 3 

B = 0.115 X !o-4T 

Sol. 49 '(D) When electron is projected projected in electric 
field, we have 

mvi 
-=eE 

'i 
When electron is projected in magn~tic field, we have 

mvi =evc/1 
. r2 

Dividing equation-(!) and (2) 

r2 = eE 
· 'i ev0B 

'i = Bv0 

r2 E 

... (1) 

... (2) ' 
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~rietic EJfects ~f~urrents' and Cl~s_si_cal Magnetism 

Sol. 50 (A) Magnetic induction at axial and equatorial line is 

given as 

and 

=> 

B = µ0 (2M) 
axial 41t X3 

µo(M) B -- -
"I - 4it x3 

B 

2 

Sol. 51 (B) For equilibrium of sphere net torque on it due to 

its weight and that due to magnetic forces must balance about 

bottom point of contact which is given as 

=> 

=> 

'tmg ='t'B 

mg R sin 0 = itR2i B sine 

mg 
B=-

1tiR 

Sol. 54 (A) Magneticinduction atan axial point of the circular 

loop is given as 

and 

=> 

=> 

• µ0Ni 
B=--

c 2R 
[x=O] 

BC = (R2 +x2)3/2 

B, R3· 

BC = (25)3/2 

B, (3)3 
125 

27 

Sol. 52 (B) The apparent dip angle is related to the angle 
between magnetic meridian and the vertical plane in which it is => 
measured is given as 

125 B = -x54=250µT 
C 27 

=> 

=> 

=> 

V 
tan 60= Hcos30 

..J3=_v_ 
Hcos30 

tano= !_ = fj x cos30= .J3 x (..J3/2) 
H . 

0 = tan-I (3/2) 

Sol. 53 (B) Magnetic field due to wire I at Pis given as 

B1 = 
4
,r(a~::300) (sin30+sin30) 

Due to wire 2 magnetic induction at point Pis given as 

B = - -~µccoe...i __ 

2 (.J3) 4it 2 2a 

Summing infinite terms of such magnetic induction at poiut P 

is given as 

Sol. 55 (C) Initially we have 

eE=eVB 

E 3.2xl05 

V= - = --- = 1.6 x J08m/s 
B 2x!0-3 

When electric field is removed, electron wiU only be moving in 

the influence of magnetic field and it follows a circular motion 

with radius given as 

mV 9.lx!0-31 xl.6xl08 

r=-= 
eB l.6xl0-l9 x2xl0-3 

9.lx!O-I 
r= 

2 
=0.45m 

Sol. 56 (C) The kinetic energy of the electron is given as 

I 2 -mv =eV 
2 

=> v=(2eV/m)"2 

Force on electron is given as 

F= evB=eB(2eV/m)112 

When Vis doubled, then we have 

F'= ..fi.F 
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Sol. 57 (C)As charge enters magnetic field in direction normal 
to it, it follows a circular path ofradius given as. 

mv 
r=-

qB 

d mv 

2 qB ... (!) 

As the particle is accelerated by a potential difference V, we 
have 

I 2 
qV= 2mv 

2qV =v2 
m 

... (2) 

By solving eqnation-(1) and (2), we have 

qB2d2 
m=---

SV 

Sol. 58 (C) The fields at axis and centre respectively are given 
as 

and 
µ. 21ti 

B =-X-
centre 41t r 

[ h2]3'2 
r3 l+­

r2 

. B.,;, = I+\ = I--2 
[ 

2 ]-

312 
( 3h2 J 

Bcentre r 2r 

Bcentre - Bans 
~ 

Sol. 59 (C) The magnetic induction due to a straight wire at 
some distance from it is given as 

µo i 
B=--

21t r 

Above result is independent of diameter of wire so magnetic 
induction will remain same: 

Sol. 60 (C) To break off from the surface the magnetic force 

on block is given as 

J;,= mg cose 

~ qvB = mg cos0 

~ q(g sin0.t)B = mg cose 

mcot0 
1=--

qB 

f, 

mgsin8 mg cos 8 

8 

Sol. 61 (A) According to the given question, we use 

µ0 21tiR
2 

I [µ0 21ti] 
41t x (R2 +x2)3/2 = 8 41t xR 

~ 8R3 = (R2 + x2)312 or (2R)3 = (R2 + x2)312 

~ 2R=(R2 +x2)112 or 4R2 =R2 +x2 

~ x=..[3R 

Sol. 62 (D) At any instant lvl = v0 & component along y-axis 

must remain constant. 

Sol.63 (D) MagneticfieldatPduetowire I, 

B = µo . 2(8) 
I 41t d 

Due to wire 2, magnetic field at P is 

B = µo . 2(6) 
2 41t d 

(µ0 _ 16)2 +(µ 0 _ 12)2 

41t d 41t d 

µo 2 5µo 
=- x- x1Q=-

41t d 1td 
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f Magnetic ·Effects' p( c;urrentS····an~·s;1~slCa1 Ma1;1netism 

ADVANCE MCQs One or More Option Correct 

Sol. 1 (A, B, C) Resistance of the rings is given as 

pl 
R=-

A 

Currentthrough the rings by equal voltage sources is given as 

. V z= -
R 

Magnetic field at the center ofring is given as 

µ,I 
B=-

2r 

Ifwe double radius and cross-sectional radius, then lenth of 

wire will get doubled and cross sectional area becomes four 

times so resistance will be halved and current will get doubled. 

As current and radius of ring both get doubled magnetic 

induction at their center will remain same. Hence options (A), 

(B) and ( C) are corr ct. 

Sol. 2 (A, C) Magnetic induction at the center offirst coil is 

given as 

(41tx10-7)(50)(2) ,.___. 
B = ~--~~-'-'- =41tx Iv ·T 

I 2(5xl0-2) 

At the center of second coil it is given as 

µ0N2i2 ( 41t x 10·7 )(! 00)(2) 
B = -- = -'--------'--'-_,..,."-'-

2 2R2 (2)(10 X 10-2) 

B2=41tX !o-'T 

When currents·are in the same direction, we use 

B.,,=B1+B2 

When currents are in the opposite direction, we use 

Sol. 3 (A) The deflection in magnetic needle of tangent 

galvanometer depends upon the magnetic induction at the 

center ofits coil which is given as 

B = µ0/N = µ0 (V I R)N 
C 2r 2r 

µ,VN 

2r[p(21trN) IS] 

µ,VS 

4w2p 

From the above expression we can see that only option (A) is 

correct. 

----- -- .... ---2-9=11 

Sol. 4 (A, C, D) Due to sheet the magnetic induction is given 

as 

1 . µ0(2bJ) 
B= 2µ.1= 2 = µIB 

The magnetic induction inside the sheet is given as 

B=µix 

Sol. 5 (All) Net upward and downward forces on the loop 
will get cancelled out and leftward component on wire segment 
ab is more than that on wire segment be so net force on loop 

will act leftwards. 

Sol. 6 (A, D) While revolving in conical pendulum force 

equations on the charge can be written as 

Tsin0 + F= mro2(L sin0) 

Tsin0=mg 

=> mg sin0 +0(rol.sin0)B=mro2Lsin0 
cos0 

=> 
molLsin0 

B=----
(rol.sin0)q 

mgsin0 

cos0 

(roLsin0)q 

mro 
B= 

q 
mg l [ g ] 

qroL cos 0 = fl .ro roL cos 0 

Sol. 7 (B, C) The magnetic induction directions at different 
locations in surrounding of wire on the line are shown in figure 

below. 

B2 B1 B1 B1 

___ ti·-----~----~1~1---,~------fj __ _ 
Bi Bi 

SoL 8 (A, B) We've discussed that magnetic field is produced 
by moving charges. Even in magents the magnetic field is due 
to the revolving unpaired electrons in the material. Practically 

in a magnet magnetic field is produced throughout the volume 

of the material of magnet not just at its ends or poles. Magnetic 

poles is a theoretical concept for understanding .the calculation 
of magnetic field mathematically. The magnetic lines in case of 
a current carrying straight wire are concentric circles whereas 
a bar magnet produces magnetic field which is similar to that of 
a solenoid. In case of a clockwise current magnetic induction 

is inward so it behaves like a south pole and vice versa. Thus 

options (A) and (B) are correct. 

Sol. 9 (A, B, C) For a random shaped current carrying wire 
we've studied that the net magnetic force is equal to the force 

acting on a straight wire carrying same current and length 
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equal to the line joining the end points of the wire. In above 

case the mesh can be replaced by a straight wire oflength AC 
so force is given as 

F=Bi(-./2a) x2 

Bysymmetrywehave V8 = Vv= V0 
Hence options (A), (B) and (C) are correct. 

Sol. 10 (A, B, D) As v J_ Ji particle is performing circular 

motion in xy plane with radius of circle given as 

mv lx!O 
r=-=--=5m 

Bq 2 

Radius of x2+y2-4x-2!=0is5m 

Radius of x2 + y2 = 25 is 5m 
The time period ofrevolution of particle is given as 

21t111 21txl 
T= - = -- =3.14s 

Bq lx2 

Sol. 11 (C, D) Magnetic field can not increase speed of a 
charged particle. Since magnetic field never changes speed 
thus no change in energy will happen. Since the component 
of magnetic field perpendicular to the the motion can affect 
the direction of velocity it can make it in circular path 
centripetal force is always perpendicular to it's velocity 

direction. 

Sol.12 (A, C) Time period of motion is given as 

21'111 21t 
T=-=-

Bq aBo 

At " T t=--=-
aBo 2 

Velocity of particle is -vof + vok 
Speed of charge in magnetic field always remains constant so 
it will be 

At 

v= vo..fi. 

21t 
t=-=T 

ct.Bo 

Displacement is equal to pitch which is given as 

At· 

21tV0 &=V.T= --
o, I aBo , I . 

I ' 

\ 2J. j' 
t=-=T 

aB \ 0 

\ 

Magnetic Eff~c~- of Currents and Classical Mag~ 

Distance is given as 

Sol. 13 (A, B, C) Already we've smdied that both deflection 
and vibrational magnetometer are used to determine magnetic 

moment of a bar magnet in terms of the earth's horizontal 

component of magnetic field. If both are given then value of 

B H can be eliminated and we can calculate the value of 

magnetic moment of bar magnet without using the value of 

B H" A tangent galvanometer is used to determine B H not 
magnetic moment ofa bar magnet. Thus options (A), (B) and 

(C) are correct. 

Sol. 14 (A, D) Radius of the helical path is given as 

mvsin01 

qB 

mvsin02 
. qB 

mvsin30° 

qB 
I 

= -constant 
2 

mvsin60° .Jj 
= - x constant 

qB 2 

Time period of motion in helical path is given as 

21t x mv sin 30° 

qBvsin30° 

21t111 
= -- = constant 

qB 

21tR2 
andT2=a2= V. 0 sm 2 

21t111vsin 60° 21t111 
=--

qBvsin600 qB 

- ~ - _!_12_ - _1_ 
~ b- R2 - .Jj/2 - ,/3 

1i a, 
-=-=a=l 
T2 a2 

Pitch ofhelical path is given as 

P=vcos0xT 

~ P 1 = T1 x vx cos30° 

~ P2 = T2 X V X cos 60° 

~ c= fl = 1i cos30° = ,/3/2 = ,/3 
P, T2 cos60° 1/2 

From above equations we have 

I 
a=l·b= ,.;· c= .Jj 

' v3' 

~ abc=l;a=bc 
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!MagnWc §!iil~of Currents and Cl~sfcal _M_a_gnetism 

Sol.15 (B, C, D) Let O andPbe the end points of wire. Hence 
force on current carrying wire placed in uniform magnetic 
induction is given as 

F=I(OP X B) 

Sol. 16 (A, D) Since the conductor is electrically neutral, both 
A and B do not observe electric field. Current in conductor is 
same for both A and B so both will observe same magnetic 
field. Hence options (A) and (D) are correct. 

Sol.17 (A, B, C) As the dip needle is placed in a plane which 
is normal to the magnetic field, it will not experience any torque 
which can rotate the dip needle so it can stay in equilibrium in 
any direction. Hence options (A), (B) and (C) are correct. 

Sol. 18 (A, D) Torque on the-wire frame due to its weight is 
given as 

<mg= 0.5g x 1 / = 5 t 
Magnetic torque on -wire frame is given as 

,B=(-0.5x4/)xiJ 

x and y component of magnetic induction does not exert a 
torque on the loop as it is hinges along side AB so only z 
direction magnetic field is required which can counterbalance 
the torque on the loop due to its weight so options (A) and (D) 
are correct. 

Sol. 19 (A, B, C) At geomagnetic pole the direciton of earth's 
magentic field is only in vertical direction so it will not exert 
any net force or torque on the magnetic compass needle in 
horizontal plane thus it can stay in equilibrium along any line 
in horizontal plane. As there is no restoring force on needle for 
any position it cannot oscillate. Thus options (A), (B) and (C) 
are correct. 

Sol. 20 (All) vis equal v0 as speed of particle never changes 
in magnetic field as force is perpendicular to velocity always. · 

-~-.~~-------l 2.8.a 

In triangle POQ, we have 

PQ OQ OQ 

sin( a + Pl sin(90 - a) cos a. 

mv 
OQ= radius of that circle= qB 

sin(a+p)xR 
PQ-

cosa. 

(sin2a) mvo 
=:> PQ- x-

cosa qB 

As a= p, we have 

2sinacosa mv0 =:> PQ-
cosa qB 

=:> PQ= 2mV,, sin a 
qB 

We know that to cover complete circle particle will take time 

2,rm 
T= qB 

As shown in figure in this case particle has covered 360 - (a+ Pl 
angle or we have 

(360-2a) = 2 (180-a)= 2 (it-a) angle 

Time taken by particle in covering this angle is given as 

2m(it-a) 
t= 

Bq 

Sol. 21 (A, B, C) The magnetic force on charge is given as 

F= qvx iJ 

=:> And if speed is not changing then their components also not 
F= q[(xi + y})x(yi +x})] 

change 
v0 cosa = v cosp 

v0 =v 
a=P 

(l 

p 

V 

Q 

v, 

=:> F= q (x2-y2) k 
No force acts on particle ifx = y 

Foc(x2-y2)ifx>y 

Fis along z axis ifx > y 

Sol. 22 (A, D) As inside and outside a current carrying 
cylinder magnetic inductions are given as 

Bin oc r 

1 
and Bout oc -

r 

The energy density of magnetic field in space is given as 

B' 
u = --

m 2µo 
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Sol. 23 (A, B, D) Conductors are electrically neutral and 
produce magnetic fields on each other. Magnetic forces caused 

by the electrons on each other are weaker than the electrostatic 

force between them. 

Sol. 24 (B, C) The current in coil is anticlockwise which 
produces a magnetic induction in upward direction so 
according to Lenz's law the magnetic field due to magnet is 

either increasing in downward direction or decreasing in 

upward direction. Hence options (B) and (C) are correct. 

Sol. 25 (A, D) Observer A will observe that charge Q is 
stationary whereas B will feel that charge Q is moving in left 
direction. Since magnetic fields are produced whenever charge 
moves so magnetic fields are observed by B,;md electric field 

is observer by both A and B. 

Sol. 26 (A, B, C) On wire ab io equilibrium magnetic repulsion 

will be balancing its weight and by slight displacement of wire 
ab in either direction vertically we can see that its equilibrium 

is stable. 

Sol. 27 (A, B, C). Since di and B are parallel for all elements 

on the loop so, dF = 12 ( di x B ) = 0 for each small element 

I, 

So, no magnetic force acts on loop 

Sol. 28 (B, C) Path will be helix io (A) and circolar for_q = 90°. 
For (B) sioce velocity is perpendicular to magnetic field so 

path will be circular. In (C) magn_etic field never changes speed 
as work done by magnetic force on a freely moviog charge 
is always zero. In (D) electrons will move io opposite direction 

since their velocity is opposite. 

Sol. 29 (A, B, D) Torque acting on loop is given as 

t= iabB0sin0 

The torque direction can be given by right hand thumb rule 
which is along-y direction and it has a tendencyot decrease 0. 

* * * * ~ 
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CONCEPTUAL MCQS Single Option Correct 

1 (C) 
4 (B) 
7 (A) 
10 (B) 
13 (C) 
16 (C) 
19 (A) 
22 (D) 
25 (C) 
28 (D) 
31 (B) 
34 (D) 
37 (B) 
40 (B) 
43 (C) 
46 (C) 
149 (C) 
52 (B) 
55 (C) 
58 (C) 
61 (B) 

2 (A) 
5 (B) 
8 (C) 
11 (C) 
14 (B) 
17 (C) 
20 (A) 
23 (D) 
26 (B) 
29 (D) 
32 (D) 
35 (D) 
38 (A) 
41 (B) 

. 44 (A) 

47 (A) 
50 (D) 
53 (A) 
56 (A) 
59 (B) 
62 (A) 

NUMERICAL MCQS Single Option Correct 

1 (D) 
4 (D) 
7 (D) 
10 (D) 
13 (B) 
16 (A) 
19 (A) 
22 (B) 
25 (C) 
28 (A) 
31 (B) 
34 (B) 
37 (A) 
40 (D) 
43 (B) 
46 (C) 
49 (B) 
52 (D) 
55 (A) 
58 (B) 
61 (D) 

2 (A) 
5 (A) 
8 (B) 
11 (C) 
14 (A) 
17 °(A) 

20 (A) 
23 (D) 
26 (C) 
29 (A) 
32 (D) 
35 (B) 
38 (A) 
41 (C) 
44 (D) 
47 (B) 
50 (B) 
53 (B) 
56 (D) 
59 (C) 

3 (C) 
6 (B) 
9 (A) 
12 (D) 
15 (C) 
18 (C) 
21 (C) 
24 (D) 
27 (B) 
30 (C) 
33 (C) 
36 (C) 
39 (A) 
42 (D) 
45 (B) 
48 (B) 
51 (C) 
54 (C) 

. 57 (B) 
60 (D) 
63 (D) 

3 (D) 
6 (C) 
9 (C) 
12 (B) 
15 (B) 
18 (A) 
21 (C) 
24 (C) 
27 (B) 
30 (C) 
33 (D) 
36 (D) 
39 (B) 
42 (B) 
45 (D) 
48 (A) 
51 (C) 
54 (A) 
57 (A) 
60 (D) 

ADVANCE MCQs One or More Option Correct 

1 (A. C, D) 
4 (A, B) 
7 (A, C) 
10 (A, C) 
13 (A, C) 
16 (A, B) 
19 (B, C) 
22 (B, C, D) 
25 (B, D) 
28 (A, D) 
31 (All) 

2 (B, C, D) 
5 (A, B, C) 
8 (A, C) 
11 (B, C) 
14 (C) 
17 (B,C,D) 
20 (A, C, D) 
23 (A, B, C) 
26 (B) 
29 (A, B, D) 
32 (B, C) 

3 (A, B, D) 
6 (A, C) 
9 (All) 
12 (A, B, D) 
15 (A, C) 
18 (A, C) 
21 (B, C, D) 
24 (A, C) 
27 (B, C) 

30 (B, D) 
33 (A, C) 

Solutions of PRACTICE EXERCISE 5.1 

(i) When the plane of coil is perpendicular to the field, 
magnetic flux linked with the coil is given as 

'Pi =NBA 

When the coil is turned through I 80°, magnetic flux linked with 
it is given as 

<!>,=-NBA 

Change in flux linked with the coil is given as 

t:,/i=-2NBA 

Average induced EMF in the coil is.given as 

e= 1t,~1 = 2NBA 
t>t /!J 

2xl000x0.4x!O-< x500x]0-4 
e= 0.1 

=> e=0.04V 

(ii) When the ring moves towards right, then Hs due to its 
displacement the EMF induced in each of the two semicircles 
is given as 

e=Bdv ... (]) 

By right hand palm rule the upper point of the ring is at high 
potential so cnrrent flows in the left loop in anticlockwise 
direction. The two semicircles behave like two identical sources 
in parallel with each ofEMF given byequation-(1) with internal 
resistance given as 

r=(rrd/2)').. 

Therefore equivalent resistance of parallel combination of the 
two semicircles is r/2 which is equal to 

r ,rd')., 

2=41\ 
As ralls have negligible resistance and hence the equivalent 

resistance of the circuit is given by 

r ,rd')., 
R=-=-

2 4 

Induced current in circuit is given as 

e 4Bv 
i=-=-

R rr').. 

Cnrrent through each semi-circle is given as 

i e 
i =-=-
! 2 2R 
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Force required to maintain velocity of ring is equal to the 
opposfng magnetic force on the two semicircular parts which 
is given as 

4B2vd 
F=1 xB(i/1)d=Bid= --

1t1. 

(iii) · (a) Magnetic field produced by the bigger loop at the 

centre is given as 

µ,Ni 
B=ZR 

(41tx10-7)(1)(1) ....., 
B= ~--~~ =21tx lu -T 

2x0.1 

The field is perpendicular to the plane of the loop. 

The magnetic flux linked with the coil is maximum when its 
surface is perpendicular to the magnetic field and it is given as 

~=BA 

~= 21t X jQ--6 X 5 X lo-4 = !01t X lQ-lOWb 

'' ~--;-, -+, ,+--
dr 

Total induced EMF in the spiral is given by integrating the 
above expression for the whole radius of the spiral which is 
given as 

e = J dt = J: ~'·" roB0 cos rotr' 

I 
(b) Average induced EMF in one rotation ofloop is given as =:> e = - ,rNB a2 ro cos rot= e cos rot 3 0 0 

= l"'~I 2xl01tx10-
10 

e M 2rJro 

e= lo-9ro 

( c) Induced current in the smaller loop as a function of time is 
given as 

e 1 d(BAcosrot) 
f=-=-

R R dt 

. 5 x 10-10 rosin rot ,= 
2 

i = 2.5 x 10-10 ro sinrot 

(iv) We consider an elemental circular strip ofradius rand 
width dr in the spiral as shown in figure-xx. If the elemental 
strip/coil consist of dN turns then induced EMF across these 
dN number of turns at radius is given as 

Amplitude of induced EMF in spiral is given as 

(v) (a) If Fis the instantaneous force acting on the rod 
MN at any instant !when the rod is at a distancexfrom the left 
end and moving at a velocity v as shown in figure. The induced 
EMF across the rod is given as 

' 
e=Bvd 

The instantaneous total resistance of the circuit at this instant 
is given as 

The current in the circuit is given as 

e Bvd 
f=-=---

Rr (R+24) 

l
d~I d de= - = -(itr'B•~ 
dt dt '''! 

, I' 
, The velocity of the rod as a function of xis given as 

'I\ 

d I 
de=dNitr' dt (B0sinrot) 

de= dN 1tr'B0ro cos rot . 

de= (: dr )1trB0rocosrot 

, 
' • I 

dx i(r+24) 

dt Bd 
... (1) 

The instantaneous acceleration a is given by 

a= d
2
x = 2i).(dx) = 2iA[i(r+24)]-

dt2 Bd dt Bd Bd 
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a= 
2i21.(R + 2;\.x) 

B2d2 

Instantaneous applied force on rod is given as 

F=ma=m(2i21.(R + 2;\.x)) 
B2d2 

(b) From the above eqution, we have 

FB2d2 

;2=-----
2m1.(R + 2;\.x) 

Heat produced per second is given as 

H=i2(R+2'J..x) 

FB 2d2 

H=--
2m1. 

Mechanical power supplied is given as 

i(R+2;\.x) 
W= Fx ~-B-d-~ 

Calculating the fraction of mechanical power which is dissipated 
as heat gives 

Heat produced H FB2 d2 Bd -~~-- = - = ---x----
work done W 2m1. Fi(R+2;\.x) 

H B3d3 

W 2mi1.(R + 2;\.x) 
... (2) 

(>I") The situation is shown in figure. 

', ,.. 
mg mg cos 0 

The instantaneous flux through the frame when displaced by 
an angle 0 is given as 

$=BA cos0 

Instantaneous induced EMF 

d$ . d0 
e=--BAsm0-

dt dt 

297] 

d0 
e =BA 0- [As sin 9= 9] 

di 
... (1) 

As the loop is very small in size compared to the length of 
string so we can consider it like a simple pendulum of which 
the motion equation is given as 

0 = 00sin rot ... (2) 

Substituting the value of0 in equation-(!), we have 

e = BA (00 sin OJI) :
1 

(90 sin OJI) 

e = BA 00 sin rot 90 OJ cos OJI 

=> .e = ½ BaOJ0~ sin 20JI 

Here we have 

ro= [fj = J(0~~!2 ) =Srad/s 

and 
x0 2x10-2 

80= I= 0.392 rad 

Substituting the values, we get 

I (2xJ0-
2 

)

2 

e= 2 x0.784x3.92xJo-4xSx 
0

_
392 

sin!Ot 

and 

e=2 x J0-6sin IOI 

e =2 X 1Q-6V nm 

i = em,x = 2x!0-6 10-7A 
""" R 20 

(vii) Consider a strip of the square as shown in figure. 

y-~ 
dy 

Area of the elemental strip is given as 

dS=ady 

V 

Magnetic flux through this element due to the straight wire is 
given as 

µoi 
d$=B(ady)= 

2
,cy (ady) 

. 
... (I) 

The magnetic field at a distance y due to current i flowing in a 
wire is given as 

µoi 
B=-

2,cy 
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\ 
\ 

~lfil::~9~8--~---·~r_,tr_/~-:~===-·==-·-·-\~--,' 

Total flux through the square frame is given as 

f 
µoia x+fa dy 

tj,= dtj,=- -
2it X Y 

=> 

Induced EMF in the square frame is given as 

e= l~;I 
=> e= µ;:ac:a)(; )! 
=> 

µ0ia2xv 
e= 

21tX(x+a) 

' 

\ 
\ 

Above result can be directly obtained by calculating the 
motional EMF in left and right segments of the square frame 
which are parallel to the straight wire and subtracting the 
induced EMF in them. 

Electroma~_ne!l~~du9_fL9.i).&nd_.AlteJnalin9J&_iitret!ll 

(ix) The situation described in question is shown in figure. 
!fat any instant oftime t, during the motion of second wire, the 
seco\ld wire is at a distance x. The area of the rectangle between 

th~o wires is xd. 

-+IX J+--
Rail-I 

d 
®B 

V 

Rail-2 

Rate of change of magnetic flux through the rectangle or 
motional EMF in the moving wire is given as 

dtj, . 
e=-=Bvd 

dt 

So, the current induced in the rectangle.is given as 

e Bdv 
i= -= 

R 2(d+x)p 

The force between the two wires due to current flow is given 

(viii) The rotated position of the rod aftera time tis shown in as 
figure-5.00 Consider a small element oflength dx of the rod at 
a distance x from the centre. The velocity of the element v=xm 
and its distance from the wire is r = (d - x sin rot). Magnetic 

induction at this position is given as 

µoi µoi 
B=-=--=--

2itr 2it(d-xsinrot) 

d V 

1-----------~---
The induced EMF in this element is given as 

µoi(xro)dx 
de= Bvdx= -~~~--

2it(d -xsinrot) 

In order to obtain the resultant EMF, we integrate this expression 
from - a to+ a which gives 

µ0iro fa xdx 
e= ~ -•(d-xsinrot) 

µoiro( -1 )[2 · dln(d -asinro/)] e= -- --- asmrot-
21t sin2 rot d+asinrot 

µ0iro [drn(d-asinrot) 2 . ] => e= -~~- ----- - asmrot 
21tsin2 rot d +a sin cot 

It should be noted that the lower end of.the rod is at higher 
potential_ than upper end. 

. µ0I
2
d µ0d[ Bdv ]' 

F= 27tX = 27tX 2(d +x)p 

The force F', due to magnetic field on stationary wire is given 
as 

[ 
Bdv ] B

2
d

2
v 

F'=Bid=Bd 2(d+x)p = 2(d+x)p 

The force on stationary wire initially is directed towards left 
hand side because opposite currents repel each other while 
the force due to magnetic field will be directed towards right 
hand side according to right hand palm rule so the result~! 
force is given as 

=> 

=> 

F =F'-F 
net 

B2d2v 
F =--­

net 2(d +x)p 

B
2
d

2
v [ F =-- I 

net 2(d +x)p , 

The force will be zero, when 

µ0dv 
-~--=! 
47tX(d +x)p 

Ford>> x, we have 

µov 
x=--

4itp 

[ ]

2 
µ0d Bdv 
27tX 2(d +x)p 

µ0dv ] 
47tX(d +x)p 
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fE!ectromagryetlci lnductio')_ an~. A~ter!'ating C~rrent 

(x) When rod is moving at speed v, motional EMF induced 

in rod is given as 

e=Bvl 

At this instant current in circuit is given as 

e-Bvl 
i=---

R 

Acceleration ofrod is given as 

dv F B(e-Bv/)1 
a= dt = m = mR 

___<!!__ =!!!_di 
e-Blv mR 

v dv I Bl 
f~-f=-at 
e-Blv - mR 

0 0 

=> 
I V Bit 

- Bl[ln(e-Blv)Jo = mR 

1n(e-Blv) = _B
2
Pt 

e mR 

e-Blv -n212tJmR ---=e 
e 

=> 

At t~ oo after a long time the terminal velocity is given as 

e 
v~ Bl 

(xi) For pure rolling we use 

v=Rro 

Motional EMF induced across points A and P is given as 

e = Bvl = B(Rro)(2R) 

=> e=2BroR2 

(xii) After the t, the angnlar position of coil from vertical is 

given as 
0=00 cos rot 

=> 
d0 
- =-0 rosin rot 
dt O 

At time t, magnetic flux through the coil is given as 

4>= BA cos 0 = BA cos [ 00 cos( Jf 1}] 

EMF induced in coil is given as 

e= - =BAsm0-
l
d$1 . d0 
dt dt 

For small 0 we nse sin 0 = 0, thus we have 

e= BA0d8 

dt 

Solutions of PRACTICE EXERCISE 5.2 

(i) Induced EMF in the loop is given as 

d<l> 
e= -- =2at-a, 

dt 

Induced current in the loop is given as 

E 2at-a, 
I= R = R 

299.! 

If in an elemental time dt, heat generated is dQ then we have 

dQ= PRdt 

=> 
2 3 

f I' 2 a , Q= dQ = I Rdt = -
o 3R 

(ii) The magnetic field inside the solenoid is given as 

B=µ0ni ... (!) 

The magnetic flux-linked with the search coil is given as 

4,=BAN, 

=> 

EMF induced in search coil is given as 

d4' di 
e= dt = µoANN, dt 

=> e = µ0 A NN, (i0ro cos rot) 

The peak value of EMF is given as 

e0 = µ0 ANN, i0ro 

Substituting the given values, we have 

... (2) 

... (3) 

... (4) 

=> 

2.5 x 10-2 = (41t x 10-1) x (I x Io-4) x (IO') x (20) x Ix ro 

ro=99.47 rad/s 

=> 
ro 99.47 J- - - --- 1s.ss-1 

- 21t - 2x3.14 
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(iii) Figure shows the situation described in the question. 
Consider an element of width dx in the loop Cat a distance x 
from the wire A as shown. 

1 
I 
' ' 

---+i 0.Im 
' 

B 
i 
' ' 

,-HlJ 
L:d:Jl 

O.Im d--+I 

Magnetic field at the location of the element due to current i in 
A 

µoi 
B=-

2ru: 

Area of the element = d x dx 

Magnetic flux linked with the elemental area is given as 

d$= µoi xdxdx 
2ru: 

The magnetic flux linked with the entire loop C is given as 

I I'd( µ0i J µ0id J'd dx $= d$= - xdx=- -
1 2d 2ru: Zn 2d x 

This flux is directed into the plane of paper. Similarly, the 

___ El~ctromagnetlc' IJldUct@n' 0Q<I AlternatilliJ -P~l 
According to Lenz's law, the current in the arm ofloop·Cnearest 

the wire B will be opposite to the current in B, so the current in 
the loop will be clockwise. 

(iv) Let B, be the vertical flux density of earth. The flux 

. through the coil of area A and number of turns n is given by 

$=nB,A 

On turning over of coil, the flux changes to 

$'=-nB,4 

Change in flux is given as 

Llij,= $-$'= n B,A-(-nB,A) =2 n B,A 

The charge passing through ballistic galvanometer is given as 

A$ 
q=-

R 

q 
2x 200xB, x(3.14x 0.125x0.125m2) 

800 C 

q=0.024B,C 

This charge gives a throw of30 divisions. If kbe the ballistic 
constant, then we use 

q = 0.0245 B, = 36k 

The charge on the capacitor is given as 

q'= CV=0.I x 10-0 x 6 

=> q'=6 X 10-1 C 

... (1) 

magnetic flux linked with the loop C due to the current i in wire The discharge of capacitor gives a throw of20 divisions so we 
B is given as have · 

<Ii,= f 2d( µoi \, x dx = µoid ln(2) 
d 2ru:[ 2n 

This flux is directed outward perpendicular to the plane of 
paper. Net magnetic flux linked with the loop C is given as 

$c=$2-$1 

~ = µoid In(~) 
r: Zn 3 

The induced EMF in the loop is given as 

e = Id$! = µod log (I) di 
dt 2n '4dt 

e= 2 x 10-7 x 0.1 x 1n(1)x103 

e= zx 10-5 ln(1) volt 

q'=6x 10-7 =20k 

From equations-(!) and (2), we get 

(v) 

0.245B, 

6x!0-7 

30 

20 

B,=0.37xI0-4J' 

The induced EMF is given as 

d$ d dB 
e= - dt =- dt (BA)= -Adt 

So for loop AEFDA, we have 

e1 =(JxJ)xJ=IV 

For loop EBCFE, we have 

e2 = (½x1}1 =0.5V 

"' (2) 
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Using Lenz's law, the directions of e1, e2, i 1 and i2 in the two 
loops are shown in figure using Kirchoff's law at junction F, we 
have 

i1=i+i2 

Applying Kirchoff's second law to loop I, we have 

Jx~+Jx~+Jx/+Jx~=l 

~ 3i1+(i1-i2)=1 

~ 4i1-i2 =1 

IQ ;, E ;, 
A B 

1 V. + _o.sv 
+ (j) IQ @ 

IQ IQ 

;, IQ ;, ;, 
D F 0.50 C 

Applying Kirchoff's Second law to loop-2, we get 

0.5i2 - l x I+ 0.5 x i2 + I x i2 = 0.5 

~ Zi2-(i1-i,)=0.5 

~ 3i2-i1 =0.5 

Solving equations-(2) and (3), we get 

From equation-(!) 

i= i -i = ]_ - l_ = _]_ A 
12 221122 

... (I) 

... (2) 

... (3) 

(VI) The induced electric fidd is set up as a result of the 
changing current through the solenoid. 

Inside the solenoid the induced electric field is given as 

I dB 
E=-r-

2 dt 

Inside the solenoid magnetic indnction is given as 

B=µ0 ni 

I d( ") I I E= -r- µ0m = -rµ0n z dt z 

---... -~-1"--"'------.,.s_o=-_ 1"'·1 
----~'""L------~-

I a2 dB 
E=---

2 r dt 

E = .!_ a2
µ0nl 

Z r 

(vii) (a) Figure shows the induced electric field which is 
tangential to the ring. 

E:,.._-;;----.. E 

®B 

E 
----"""'--+,E 

Magnitnde of induced EMF is given as 

d~ dB 
e= - rra2 - =rca2 B 

dt ' dt O 

The induced EMF sets up the indued electric field and tend to 
setup a current which opposes the change of flux linked with 
the ring. As the flux linked along downward direction increases 
and hence the flux due to induced current must be upward. So, 
induced EMF tend to setup an anticlockwise current as seen 
from above. ' 

The magnitude of the induced electric field established in the 
ring is given as 

e I 
E= - = --'aB0 21ta 2 

Torque on the ring due to the tangential electric field is given 
as 

t=qEa 

1 2 ,= -a B0q 
2 

The angular acceleration ofring is given as 

' a.= -
I 

I a2B0q B0q 
a=---=-

2 ma2 Zm 
... (1) 

(b) The angular velocity of the ring at time tis given as 

. qB0t 
ro=a.t= -­

Zm 

This above field is for r< a, and for an ousidepoint when r> a Thus instantaneous power developed by the forces acting on 
it is given as thr ring is given as 
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I 2 (qBot) P=~ro= -a B0qx --
2 2m 

q2R2a2t 
P= o 

4m 

(viii) Consider an elemental ring ofradius rand width drwithin 
the cross section of the material. The EMF induced in this 
elemental ring is given as 

de= nr2 ~(J}t) =ro-2" dt . I' 

Curr~nt through this elemental ring is given as 

de nr2p nr2J} 
dl=-=-- =--~-

R R p·2nr/hdr 

where h dr is the area of the cross-section of the ring. 

hl}rdr 
d[=--

2p 

hp f b !hp 
I= fdl = - rdr = -(b2-a') 

2p a 4p 

(ix) Magnetic induction due to the solenoid at.its centre is 
given by 

B= µcfliT 

Flux linked with each turn of the coil is 

~=BA=µ0 niA 

Induced EMF in N turns of coil is given as 

We have 

d~ d di· 
e=N-=N-(µ niA)=NµnA-

dt dt" 0 dt 

di 4 
-=-=80 
dt 0.05 

e= I00x4nx J0·7 x2x JO"xnx Jo--4x80 

e=6.4i'x I0-3V 

Charge flown throu_gh the coil is given as 

e 
q=iX/=-X/ 

R 

(6.4n2 10~3)(0.05) 
q= 

!On' 

=3.2x !0-5 C 

q=32µC 

" ·" ·: ~- -- ····-~&..--: ,,..,, .. ,.~--~._,...,. ---""~/0"'~""" 
Electro111agn.")i"._)."!!4.~ll<i~:and Altemating-C~!fc!'Jl!l 

(x) Induced EMF in the coil is given as 

e= l~;I = na
2b 

IfE is the induced electric field in the ring then for one half of 
the ring which ifwe consider to be ofresistance rand current 
in the ring is I then we have 

e 
rI=--naE 

2 

and for the other half of the ring the resistance is 11r for which 
we have 

e 
wI=-+naE 

2 

~ (11-l)r/=2naE 

~ (11+ l)rl=e=na2b 

~ E= a:(~::) 
(xi) The magnetic flux through the loop is given as 

~=BA=Bxro2 

EMF induced in the loop is given as 

d~ 2 dB 
e=-=1tr -

dt dt 

The current induced in the loop is given as 

. e nr2 dB 
i=-=--

R R dt 

WhereR is the resistance of the loop which is given as 

I 
R= p· na' 

... (!) 

Where I is the length and nr'- is the cross sectional area of the 
wire. Mass m of the wire is given as . 

m=na2 18 

Where 6 is the density of copper. 

I 126 
R=P--=p-

m/18 m 

(2nr)2 8 
R=p~~­

m 

4n'r28 
R=p-­

m 
... (2) 

Substituting the value ofR from equation-(2) in equation-( I), 
we get 

nr2 dB m dB i=----- ---
p(4n2r28/m) dt 4np8 dt 

Study Physics Galaxy with www.puucho.com

www.puucho.com



l,aiectromaQne{ic- Induction -and Alternating Current -~----~- -" -
(xii) (a) We have already discussed that the mutual 

inductance between solenoid and coil can be giveri as 

M= µ0N1N2S1 
l, 

Induced EMF in coil is given as 

( 4itx I o-7 )(25)(10)(5 x!0--4)(0.2) 
e = 2 10-2 

•2 = 3.14 x lo-'V 

(b) Induced electric field is given as 

e e 
E=-=--

l 27tll2 

3.14x!0-6 

E = (2it)(0.25) 

E=2 x lo-'V/m 

(xiii) EMF induced in coil is given as 

e= 1d~1 =2kt 
dt . 

Induced current in coil is given as 

e 2kt 
i=-=-

R R 
Heat produced in coil is given as 

H= 4k
2 [!:._]c 

R 3 
0 

4k2C2 

H=--
3R 

(xiv) Magnetic induction the location of smaller coil due to 
larger coil is given as 

µ0 Nia2 

B=-~---
2(x2 +a2)3/2 

Magnetic flux through smaller coil is given as 

~=B.1lh2 

EMF induced in smaller coil is given as 

3µ 0itNia2b2xv 
e= 2(x2 + a2)s12 

Current in smaller coil is given as 

e 3µ0itNia2b2vx 

i = R = 2R(x2 +a2i512 

So/11tio11s of PRACTICE EXERCISE 5.3 

(i) A coaxial cable carries equal and opposite current in the 
two cylinders. If the current is I then the magnetic field in the 

region between the two cylinders is given as 

µof 
B= - a,£,r,£,b 

2itr 

Where a and b are the radii of inner and outer cylinderical 
shells of the cable. The magnetic flux in an elemental section of 
width drat a distance r from the axis of cable within its unit 

length is d~ then it is given as 

d,j, = B.(l.dr) 

Total magnetic flux through a cross section in the region 

between the shells is given as 

~= fd~=fB-dr 

b 
_ µ0Ifdr 

$- 2it r 
a 

Selfinductance per unit length of the cable is given as 

L= _cj>_ 

I 

(ii) . If the separation between the wires of double lines is b 
and if the wires carry a current I in opposite directions then 
between the wires at a distance x from one wire the magnetic 

induction is given as 
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B= µo (!...+_/_) 
2,r X b-x 

Ifwe consider an elemental strip of width dx at a distance x 
from one wire which is of unit length then magnetic flux through 
this strip is given as 

dq, = BdA = B (l.dx) 

~= Jd~ = ~ J -+ J -I (b-a dx b-a dx J 
2,r X b-x 

a a 

~ ~= µ;/ 1n(b:a) 
Selfinductance per unit length of this double line is given as 

L= ! = µo 1n(b-a) 
I it a 

~ L = µo 1n(!!.) = µo ln(11) 

" a " 

(ill) From the circuit shown in figure the potential of point D 
is equal to zero. Thus for the 4H inductor we can write 

~ 

di2 
L-=V -V =-40 dt D B 

di2 
-=-!ONs 
dt 

At the junction D by KCL we have 

~ 

di, di,_ d'J 
-=-+-
dt dt dt 

di, 
25=-10+­

dt 

di, 
dt=12.5Ns 

Writing equation of potential drop from point D to C gives 

VD+ 10-2 x 12.5 = Ve 

Vc=-15V 

("iv) Current due to rotation of the cylinder of length / is 
given as 

qro Airo 
/=-=-

2,r 2,r 

By Ampere's law the magnetic induction inside the cylinder 
can be given as 

µol 
B=-1-

. Elecfromag-netlc lnduyt1)on and Altemating' Cur~ent/ 

The magnetic field energy density inside the cylinder is given 
as 

B2 
u =­

m 2µo 
Energy per unit length of the cylinder is given as· 

~ 

~ 

umv l B2 2 u =-= -·-Xita I 
m I I 2~ 

(v) Figure shows the cross sectional view of the coaxial 
cable described in the question. The magnetic field B in the 
space between the two conductors is given by 

B= µoi 
2itr' 

The energy density in the space between the conductors is 
given as 

Consider a volume element dVin the form ofa cylindrical shell 
ofradii rand (r + dr) as shown in the figure. Energy stored in 
this elemental volume is given as 

-2 

dU=u dV= µ~ 
2 

x2irrldr 
m 81t r 

~ dU= µoi'l(d') 
4ir r 

Total magnetic energy can be obtained by integrating this 
expression between the limits r = a tor= b which gives 

~ 
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(vi) The potential difference across inductor is given as 

di 
V = L- =5 xJ.0=5V 

L dt 

As the current is decreasing the inductor can be replaced by a 

source of emf e = IL· ::1 = 5V in such a manner that this emf 

supports the decreasing current, or it sends the current in the 
circuit in the same direction as the existing current. So, positive 
terminal of this source is towards b. Thus, the given circuit can 
be drawn as 

We write the equation of potential drop from a to bin above 
circuit branch which gives 

v.-iR+ VL-E= vb 

v.b = v.-vb =E+iR-VL 

Vab =20+(2)(10)-5=35V 

(vii) Potential difference across an inductor is given as 

V = L di 
L dt 

I 
di= L(VLdt) 

f di =i= ±fVLdt 

1 
i = L x (area under VL versus t graph) 

(a) Att=2ms 

(b) Att=4ms 

i =(150 x 10-'i-{½xzx10-
3 

x5) 

i = 3.33 x 10-2A 

Area is just double. Hence current is also doubled. 

(viii) (a) Due to rotation ofrod motional EMF induced in it is 
given as 

1 2 
e= -Br ro 

2 
In the figure by right hand palm rule we can see that the point 
Owill be at high potential and point A will be at low potential. 

(b) Here we can replace the rod by a battery of EMF obtained 
in part (a). Now switch, resistance and inductance are connected 
in series as shown in figure which shows the equivalent circuit 
of the given situation. At t= 0, the switch is closed. 

1/', , _____ fi•, ----·----~-1 
____ .. ;•.. 305 

R 

+•E ,----"l,F----~ 

L 

I 

If a current! flows through the circuit th~n by KVL, we have 

E-IR-L di =O 
dt 

dl 
L- =E-IR 

dt 

di dt --=-
E-IR L 

I d[ 1 dt 

f E-IR = IL 
0 0 

1 t 
=> -R[ln(E-RI)-lnE]=L 

=> _..!..1n(E-RI) = !_ 
R . E L 

E-RI __ =e-Rt/L 

E 

E-RI=Ee-Rt/L 

Rl=E[J -e-RtlL] 

E 
I= -[J-e-RtlL] 

R 

I= Br20l (J -e-RtlL) 
2R 

The force acting on rod due to induced current I is given as 

B2r3ro 
F=Blr= 2R(l-e-Rt/L) 

B2r3ro · 
F= --(1-e-RtlL) 

2R 

This force may be regarded as acting on the middle point of 
rod OA. The torque produced is given as 

r B 2r2ro 
s = F x z = ~ ( J - e-R t/L) 

The above magnetic torque acts in clockwise direction. To 
maintain a constant angular speed co, an external torque 't' is 
needed to be applied in anticlockwise direction with time 
dependence. 
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(ix) Steady state current in the inductor is given as 

E 
i = -
o r 

Electromagnetic lndUcilon and Alternating (;Ufri@ 

(a) This current in inductor starts decaying down exponentially 
through resistances r and R in series thus the current as a ~ 
function of time in inductor is given as 

I; [ _.!J&] I= R l-(11-l)e L 

E -(R+r)t 

; =; e-<R+r)t/L = -e L 
o r 

(b) Energy stored in inductor 'at I= 0 is given as 

U = lL;J 0 2 

Dnring decay of current the ebove energy is dissipated in r 
and R in same ratio ofresistances so the heat produced in the 
inductor is given as 

~ 

H=(-' )u0 r R+r 

E2L 
H= 

' 2r(R+r) 

(x) When the switch is closed at I = 0 both RL and RC 
branches in above circuit will bet connected across the constant 
potential difference V of the battery. Due to this transient 
currents will start flowing in the two branches independently 
which are given as 

and v( _!!!.J fc( ' ) iL=R_ 1-e, =vvf 1-eM 

Total current through battery is given as 

I=I+L=V{c=~ 
1 2 fi·R 

(n) If at any instant I is the current in the circuit, we use 
KVL for the loop of given LR circuit, we have 

L di 
IR+-- =I; 

11 dt 

E 

... (1) 

Weuseatt=O,/= 11 R =1110 whereJ0 isthe maximum current 

· in circuit which is given as 

l=l 
o R 

From the equation-(!), after integration we have 
1 

di '11R 
J (l;IR-1)-JLdt 

11/0 O 

(xii) In the given circuit the npper two branches can be replaced 
by a single equivalent battery by considering these in parallel 
combination. Thus the eqnivalent EMF of the battery is given 
as 

2 4 
2+, 10 

E=--=-V 
l+! 3 
2 I 

Equivalent internal resistance of the equivalent battery is given 
as 

2xl 2 
r= 2+1 = 3n 

Now considering the above circuit as a simple LR circuit the 
current through the inductor can be given as 

E( -!!.J i=-;: 1-e L 

~ i=5 1-e 3 A ( 
2000,J 

(xiii) We consider an elemental shell of radius x and wall width 
dx inside the cylinder as shown in fignre. The magnetic 
induction inside the wire at a distance x from axis is given as 

I µ0/x 
B = 2 µoJx = 21tR2 

r 
I 

' ' ' ' i 
' 

The volume of the elemental shell oflength Im is given as 

dV=2=fxxt 
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Field energy stored in elemental cylindrical sheel is given as 

· B2 1 (µ 0lx) dU= -xdV = - -- x2nxdx 
2µo 2µ 0 2itR2 

Total field energy inside the cylinder per unit length is given by 
integrating above expression within limits from 0 to R which is 
given as 

R 2 

J Jµol , 
U= dU = --4 ·X dx 

0 4itR 

(xiv) In the given circuit applying KVL equation for the loop 
gives 

~ 

s-iR- L di =O 
. dt 

R L 

+ -
----- I, 

L--<.'L------"-1+ '-'-~-~ 
s ,-o 

~ _.!.1n( s-iR J- !_ 
R s-loR L 

i = .!. [s- (s.-IoR)e-RtlL] 
R 

Solutions of PRACTICE EXERCISE 5.4 

(i) ( a) If outer coil carries a current I then the magnetic flux 
at the location·of inner coil due to current in coil 2. 

The mutnal induction coefficient between the two coils can be 
given as 

~ ~rra2 
M = I=~ 

(b) By reciprocity theorem same coeflicent of mutnal induction 
can be used to calculate the magnetic flux linked with the outer 
coil if a current flows in inner coil. So the magnetic flux through 
the outer coil area due to a current I in inner coil is given as 

,. =MI= µ01ta2I 
'i'o 2b 

(ii) (a) We use 

di 4-12 
dt = 05 =-16Ns 

EMF induced in second coil can be given as 

di 

~ 

~ 

~ 

(b)· We use 

e=-M-
dt 

e 
M=- difdt 

M=(50 x 10-3)/16 

M=3.125 x !0-3H 

di 3-9 
- = - =-300A/s 
dt 0.02 

EMF induced is given as 

di 
e=-M­

dt 
~ e= -(3.125 x 10-3)(-300) 

~ e=0.9375V 

(iii) The magnetic field at the location ofone loop due to the 
other loop carrying a current i in it, considering it as a magnetic 
dipole is given as 

B 2KM µ 0 irra
2 

2 = -,,-= 2" T 
Flux passing through the first loop is'given as 

~12=B.1ta2 

µo i1ta 2 

~12 = 21t T xrra2 

~ 

If Mis the mutnal inductance between the two loops then we 
have 

M= ~12 = µorra
4 

i 213 
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[ilil'.-"'-·-· -----~---
(IV) For parallel combination, we use 

4Lz =2.4 
4+Lz 

L1L2=24 

24 
L1= Lz 

For series combination, we use 

. LI +L2=l0 

24 
-+Lz =10 
Lz 

LJ-10L2+24=0 

[As L1 + L2= 10] 

L = IO±.Jl00-96 =5± 1 =4Hor6H 
2 2 

(v) (a) The magnetic induction Bat the location of coil P 
due to coil Q is given by 

B=~Nr} 
2R 

Flux linked with the coil Pis given by 

<),= BANp = B X1tr2 xNP 

µ0N QN,i1tr2 

<), 2R 

Mutual inductance between the two coils is given as 

<), µ0NQN,1tr' 
M=i= 2R 

41tx 10-7 x lO0xlO00x 1tx (2xl0-2
)

2 

M=--------,---~-~ 
2x0.2 , 

M = 3.94x l<r'H 

(b) Induced EMF in coil Pis given as 

di 
e=M-

dt 

e=(3.944x lo-4)(
5

-
3

) 
0.04 

e = 19.72 x 10-3V 

(c) Rate of change offlux through coil Pis given by 

d<j, i 
dt =e= 19.72 / 10-3 Wb/s 

( d) Charge passing through coil P is given by 

~<), 
q=R 

Electromagnetic ln.dtictlon and Alternati~g Curi~ - - -··--- . 

q 
19.72x10-3 

8 

q = 9.86 x 10-5C 

(VI) The mutual inductance between solenoid and coil is 
given by 

M=µ 0 NcN,A 

M=(41tx 10-7)(1000)(20)(10x lo-4) 

M=25.l xl~H 

M=25.lµH 

Induced EMF in the coil is given as 

di 
e= M- =251 x 10=25lµV dt . 

(vii) (a) Initial potential difference across the inductor is 
given as 

di 
L dt =E. 

di E 6 
dt = -Z = 2.s = 2.4A1s 

(b) In the circuit when current is i, the potential difference 
across the inductor is given as 

di . 
L- =E-iR 

di 

di E-iR -=--
dt L 

di 
dt -

6-0.5x9 

25 
=0.8A/s 

(c) The current in circuit as a function of time is given as 

V 
i = R (1 -e-RdL) 

Substituting values, we get 

6 
i = 8 (I _ e-8 X 0.25/2.5) 

i =0.75 x (l-0i15) 

i =0.413A 

( d) Steady state current in circuit is given as 

V 6 
i0 = R = S =0.75A 
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(viii) In steady state, current through the battery is given as 

E 20 
i =-=-
0 R 5 

=> i0 =4A 

This current distributed in inverse ratio of inductances when 
connected in paralleL This gives the current through SH 
inductor as 

i= (_!Q_)x4A 
10+5 

=> i =2.67A 

(be) (a) Angular frequency ofoscillations is given as 

21t 
ro = / = 6.28 x 103 rad/s 

Time period ofoscillations is given as 

I 
T= - = Jo-3s 

f 

(b) Charge on capacitor as a function of time is given as 

q=q0sin(rot+n) 

At t= 0, q= %= CV0 = JOO µCwhich gives 

(c) 

. => 

q = q0 cos rot 

1 
ro=--

,fic 

I 
L=­

ro2C 

L I 0.0253H 
(6.28xl03

)
2 x!O-< 

(d) Instantaneous current in circuit is given as 

l
dql . 

i = dt = %ro Sill OJI 

Average value of current in first quarter cycle is given as 
T/4 

f idt 

i = - 0
-· -=0.4A 

avg T/4 

(x) Initial charges on the capacitors are given as 

q 1=8CV0 

q2=CV0 

qi+ qz=9CVo 

In the absence ofinductor, this 9C0Vwill distribute as 6CV0 in 
2Cand3CV0 in C. Thus, mean position of q1 is 6CV0 andmean 
position of q2 is 3CV0 during osciallations of charge. 

L 

+ -q, 

At t = 0, q 
1 
is 2CV

0 
more than its mean position and q2 is 2CV0 

less than its mean position. So charge amplitude will be given 
as 

Net capacitance of the system is 

2C 
C =-

net 3 

The angular frequency of oscillations is given as 

I /3 
ro= ,JLcnet = Vue 

(a) Maximum current flowing in the circuit is given as 

/nm= %ro= 2cv.ro 

(b) At the point of maximum current system is at mean position 
and at this instant potential difference across capacitors are 
given as 

and 
3CV0 V =--=3V, 

2 c o 

(c) Equation ofcurrent flow is given as 

i = %ro sin rot 

(xi) With key K1 closed, C1 and C2 are in series with the 
battery in steady state, we have charges on the capacitors 
given as 

q =C V=lx20=20µC 0 ,q 

(a) With K
1 

opened and K2 closed, charge on C2 will remain 
as it is, while charge on C1 will oscillate in LC1 circuit with 
frequency given as 

I 
ro=--

.JLC1 

=> ro= • 
.Jo.2xro-3 x2x!0-6 

=> ro = 5 x !04rad/s 
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(b) 'Since at t = 0, charge is maximum which is equal to%· 
Therefore current will be zero. When energy in inductor is one 

third of the capacitor is given as 

In LC oscillations current in circuit is given as 

i=ro~q~ -q2 

Since at t= 0, charge is maximum orq0, so we can write. 
q = q0 cos rot 

-./3% = q cos rot 
2 0 

" Cf)(=-
6 

" " t=-= 
6ro 6x5xl04 

t = 1.05 x 10-5s 

~18~tf~m8:g_n~t1i.t~~~!?tL~~:arid-ATter~Ci!!fil1 
Total energy of system is given as 

When charge of capacitor is q during oscillations the energy 

stored in capacitor is given as 

q2 
Uc= 2C 

.±.£.. = Q2 
3 2C 2C 

-./3 q=-Q 
2 

0.2mH 

n 
' 

+q11-q 
2µF 

s 
• 

(c) At the above instant charge on capacitor plates is given For LC oscillation the angular frequency is given as 

as 

q= -./3 q0 = -./3 x20 = 10-./3µC 
2 2 

(xii) For the given LC circuit the equivalent circuit is shown 
in figure. The oscillation frequency of charge in this circuit is 

given as 

I 

f= 2rr..j(3L)(3C) 

I 

I" - 3L 

Ccq""3C 
~-------l f---------' 

-3Q 1'+3Q 

(xiii) When switch is closed a current flows in the circuit as 
shown in figure and as per given condition, we have 

I 
U =-Uc 

L 3 

1 
ro=--

-/LC 
Charge as a fimction of time on capacitor is given as 

q= Qcos rot 

" = " ,I -3 --6 t= -,iLC = -0.2x!0 x2xl0 
6 6 

t= ix2xl0-5 =10.5µs 

Solutio11s of PRACTICE EXERCISE 5.5 

(i) The given AC voltage can be written as 

e = e1 sin rot+ e2 cos rot 

We substitute the below values in the above fimction to reduce 

it 
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JEle2tronia~-eficlrldUCil0n82~ -~i!;;-~afiry9 C~rrent 

el= eo cos a 
e2 =e0 sin8 

This gives 

,, , (1) (iv) Average value of the given AC current can be calculated 

... (2) 

e=e0sin(rot+8) 

Squaring and adding equation-(!) and (2), we get 

e2+J =e2 I 2 0 

e = .!'Q___ = ~et +ei 
rm, .Jz Z 

Aliternative method : 
We can calculate the RMS value of the given time function of 
voltage by using the formula for RMS value given as' 

( 
I 2s/ro ) 

e = -- J e2dt 
""' 2rc/ ro 0 

(ii) Total current in wire is given as 

i=i1+i20 sinrot 

Square of current in the wire is given as 

i2 = (i1 + i20 sin rot)2 

i2 = i J + i!o sin2 rot + 2i I i20 sin rot 

Mean square of the current is given as 

I = if +i}0 (.!.)+(O) m, 2 

,2 

I = ;' + '20 ms l 2 

., 
I=rr---=i'+''° rms VJnns I 2 

(iii) For the given time function as shown in graph the RMS 
value of the time function of EMF is given as 

V = 
""' 

l T/2 - f V0dt 
T o 

V = !(v. x!) 
rms T O 2 

as 

. => 

(v) 

l[T/2 T ] I.,,= - J (i,sin'rot)dt+ J (i,sinrot)dt 
T O T/2 

I.,,=_!_ !Q. f (1-cos2rot)dt+i
0 

_cosrot (
,T/2 [ ]TJ 

T 2 0 (0 T/2 

I = - !Q. t--sin2rot _!Q.[1-(-1)] l ( · [ l ]ri, · J 
""'T2 2ro o ro 

I = J..[i(!) _ 2i,] 
""'T22 ro 

I = i (.!._.!_) 
avg041t 

T/2(zp; )2 J _o I di 
o T 

T/2 

4p;2 T/2 

-
0
- J t'dt 

r' 
V = 11---"-

0
--

'"" T/2 

2..fzvo [133 ]ro12 
Vnns= T3!2 

Vo 
V =-
""' ../3 

('1) For time t = O to t = T/2 the average voltage will be same 
as that of full cycle which is given as 

T12zp; f - 0 tdt 
o T 

T/2 

4V, T/2 
V =-" ftdt 

a,g r' 
0 

4Vo I 
[ 

2 ]T/2 

v • .,.= r' 2 o 
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(vii) The charge flown in one cycle from t=0 tot= Tis given 

as 

q = area under i-1 curve 

Average current per cycle is given as 

q 3 
I =-=-lo 
""" T 4 

Sol11tions of PRACTICE EXERCISE 5.6 

(i) The inductive reactance of the circuit is given as 

o,J_, = 500 X 0.08 = 40Q 

T!::..e capacitive reactance of the circuit is given as 

I I 
- = ----~ =66.7Q 
roe 500x(30x!0-6) 

As capacitive reactance is more so in circuit current will lead 
the applied voltage by an angle q, which is given as 

"' ((1/roC)-roL) 66.7-40 
tan'I'= R = 15 =1.78 

q,=60.65° 

Thus the current leads the applied voltage by 60.65°. 

(ii) The impedance of RL series circuit is given as 

Z= )R' +ro'L' 

=> Z= ~R2 +(2rc/L)2 

=> Z= ~(6)2 +(2x3.14x40x0.01)2 

=:, Z = 6.504Q 

(a) Effective current supplied by source is 

I _ E= _ 220 _ ,.::m, - Z -
6

_
504 

- 33.83mA 

- ' 
(b) The poleni1al difference across the resistance is given as 

v, =J=xR=33.83 x 6=202.98V 

(c) Potential difference across inductance is given as 

l I. 

Vl =[mu X (rol)= 33.83 X (2 X 3.14 X 40 X 0.0J) 

Vl =96.83V 

· Elec~omagnetic 1fldUCtlorl 'andAlteriu;1ting currejit1 

(d) Phase angle between current and EMF is given as 

=:,_ q,=tan-1 (0.4!89)=22°46' 

Time lag corresponding to the above phase angle is given as 

&= _J__xT = _J__x_!__ 
360 · - 360 f 

22°46' 
&= 

360
x 40 =0.01579s 

(iii) Figure shows the situation described in question. 

p Q 

' ' ' I ' ' ' I 
32n I ~~lµ_F _____ :.., ] 4.9mH 680 I ________________ r 

~-------(,--)---------' 

The current flowing is the LCR a. c. circuit is given as 

The current in maximum at resonaCe, when 

I 
o,J.,=­

roC 

. I 
ul-=­

LC 

I 
ro= ./LC 

I 105 

ro = -[(-4.-9-x-l 0--7, )_(l_0_-6~)~]"=2 = 7 rad/s 

The current flowing in the circuit is given as 

e IO I 
;""" = R

1 
+R

2 
= (32+68) = 10 =O.IA 
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l Elect?O~~~t§:.!~d~?.~~~ "~n-~.Alter~a!irig Current 

The impedance of Pis given as 

z = [(32)2 +(--;x---k)

2

]

112 

P 10 10 

zp = [(32)2 + (70)'J'12 

Z = [1024+4900]li2 =(5024)112 = 76Q 
p 

. The impedance of Q is given as 

ZQ = J[(Rf + ol L2
)] 

ZQ= [(68)2 +( 
1
~

5 

x'4.9xI0-3 JJ/2 
ZQ = [(68)2+ (70)2] 112 = [9524] 112 = 98Q 

Voltage across Pis given as 

Vp=iZp=0.1 x 76=7.6V 

Voltage across Q is given as 

(IV) The first circuit is a series LeR circuit. The impedance 
in this circuit is given as 

Z= J[R2 +{ruL-(l/rue)}2
] 

In state of resonance we have 

I 
ml= roe 

and Z=.R ·. 

The current in the circuit at resonace is given as 

V V 
[=-=-z R 

In the second circuit, the inductance and capacitance are joined 
· in parallel. The potential difference across each will be the 
same. At resonance XL= Xc(OJL, = llroC) and hence the current 
in both will be equal in magnitude. Further, a phase difference 
between currents through inductor L and capacitor e will be 
180° or it is out of phase). So, two currents will be equal in 
magnitude but opposite in phase thus current through R will 
be zero in this circuit. 

(v) (a) Potential differe11ce.across resistance is 

Potential difference across inductance 

vl =/X (ruL)=5 x24= 120V 

Potential difference across condenser 

Vc=fx(l/ruC)=5x 12=60V 

(b) The impedance ofcircuit is given as 

Z= J[(l6)2 +(24-12)2
] =20Q 

(c) The voltage of AC supply is given as 

E=IZ=5x20=100V 

(d) Phase angle between current and voltage is given as 

~= tan_, [ml-~/ rue)] 

-I [24-12] ~=tan --
16 

~= tan-1 (0. 75) = 37° 

The phase difference between current and voltage is 
given as 

~=55-10=45° 

From the given ·equations of current and voltage we can see 
that voltage is leading in phase over current. 

For a series RLC circuit we use 

tan~=tan45°=1 

roL - (II roe) 
tan~=-~-~=1 

R 

~ ruL- -
1
- =R 

roe 

Z= J(R2 +R2
) =l.414R 

£ 0 141.4 
Z= - = -- =28.28 

J0 5 

l.414R =28.28 

R=20Q 

From equation-(!) we have 

... (I) 

... (2) 
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I 
roL-- =20 

roe 

I 
~ (3000x0.01)-

3
000C =20 

1 
~ 30-20= 3000C 

I 
~ C= 3000xlO =33.33xl~F 

~ C=33.33µF 

(vb") Figure shows the situation described in the question. 

L = 1.5H 

R 

10n C 

30µF 

~-----{,-}------' 

230V, 300 rad/s 

(a) In the given circuit, the inductor and capacitor are 
connected in parallel. Let Z' be their complex impedance. Thfn 

1 I 1 1 
- = --+--- = --+ jroC 
Z' jroL (II jroC) jroL 

l-ro2LC 

Z' jroL 

jroL 
Z'=---'~-

l-ro2LC 

The total complex impedance of the circuit is given by 

Z=R+Z' 

Z= R+ jroL 
· (l-ro2LC) 

IZI= 

Substituting these values and solving it. we get 

IZl=l63.3O 

(b) 
I _ E,,.,, _ 230V _ 
""' - Z - 163.30 - L4 lA 

(c) Let I, and le be the rrns values of current in L and C 
respec;tively. 

Ze z, 
I,= ---'~-Inns andle= -~~-Inns 

(Z, +Zc) (Z, +Zc) 

Here z, =jroLandZe= lj/roC 

Substituting these values, we get 

I = Inns and[ = (ro2LC)Inns 
L 1-ro2LC e ro2LC-1 

Substituting the values and solving, we get 

1, =0.462A 

and le= l.'olA 

The corresponding current amplitudes are 

I,0 =,/2 x0.462 = 1.414 x 0.462=0.653A 

and Ico =..fi. xl.87= 1.414 x l.87=2.64A 

1 
(d) When ro= ..j(LC) , then o1- LC= I 

At this state circuit impedance becomes 

jroL jroL 
Z= ---'~- = -- =oo 

1-ro2LC 0 

Thus current in the circuit would be zero. 

, (viii) The current in the circuit would be maximum at 
resonance when 

1 
roL=­

roC 

I 
C=­

rozL 

I 1 c---------~--
- (2rrf)2 L - (2x3.14x50)2 x0.5 

C=20.24x l~F 

At resonance circuit impedance is purely resistive so it is given 
as 

Z= R'+( roJ.-.ro
1cr] =R=!0O 

E· 200 
J=-=-=20A 

R 10 . 

Potential difference across resistance 

VR=IR=Z0x 10=200V 

Potential difference across inductor 

v, =JroL=(21tX 50 x 0.5) ,s20=3142V 

Potential difference across capacitor 

I 
V = -. =l©L=3142V 

e roC 
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rEiectrOffi?Q~fttj:·inciuction and _&(~r~Bi!~,9~ ~·ur!ent 

fix) Circuit impedance is given as 

Z= R+XL +Xe 

Z= JR2 +(XL -Xc)2 = J(S)2 +(6)2 

Z=!OQ 

and 
-I 6 

~=-tan - =-37° 
8 

Thus phasor impedance is given as 

Z = !OQL-37° 

Circuit current is given as 

. e 10cos(l007tl) 
1 = Z = IOL-37° 

i = cos(! OOrrt+ 37°) 

IOL0° 
IOL-37° 

Potential difference across points A and Bis given as 

VAB =i(Xe-XL) 

VAB =IL37"x6L-90"=6L-53° 

~ VAB=6cos(100rrt-53°) 

IL37° 

VAB will leg behind T by90° becauseXe> XL. Given condition 

is that 

I 
V =-e 

AB 2 

~ 6cos (!OOrrt-53°) =5 cos 1001!1 

3 4 
~ 6cos (1001!1) x 5 + 6sin (IOOitt) x 5 = 5cos (1001!1) 

24 
sin(IOOm) = 2cos(IOOm) 

5 8 

7 
tan (JOO rrt) = 

24 

24 
cos (1001!1) = 25 

24 
V =5cos(IOOru)= 5x-v 

AB 25 

24 
V =-V 

AB 5 

Solutions of PRACTICE EXERCISE 5, 7 

(i) The resonant frequency Ola is given by 

I 
ro=--

o ~(LC) 

I 
~ 4x 10

5= ~(LC) 

Current through the circuit at resonance is given 

The voltage across inductance is given as 

VL =(Lro0)x[ 

40=Lx(4x UP)x0.5 

40 
L = --~- = 2 x J0-4H 

( 4 x I 05 )(0.5) 

... (I) 

... (2) 

Substituting the value of L from equation-(2) in equation-(!) 
gives 

I 
4 X J05 = --.=---= 

J[(2x!0-4)C] 

(4x 105)2 = I 
(2xl0-4)C 

I 
C=------F 

(4xl05
)

2 x(2xl0-4) 

I -6 I 
C= 32 x!O µF= 32 µF 

We are given with the phase angle~= 45° so we use 

XL-Xe 
tan ~ = ---''---"-

R 

XL-Xe 
tan45°= 

120 

XL-Xe=120 

I 
roL=-=120 roe 

~ roL-L( ~) =120 

~ ro2(2 x I 04 )- ro02(2 x I Q-4) = 120ro 

~ ro2-60 X J04 
0)- ro.;'= 0 

~ ro= [ (60xl0
4 

±J[(60xl~
4

)
2 

+4x(4xl0
5)2]i] 

6xl05 ±10x!05 

ro=------
2 

Here we consider the positive sign because the current lags 
voltage i.e., XL> Xe 

6x!05 +!Ox105 
ro= ------ =8 x !05 rad/s 

2 
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(ii) Primary and secondary coil voltage is given as 

e =2000V p 

and e,=200V 

Power of transformer at primary coil is given as 

=> 

e i =20xl03 p p 

. 20xl0' 
1
P= 2000 IOA 

Power of transformer at secondary coil is given as 

eJ=20xJ03 
' ' 

. ' 
I= 20xl0 = 0A 
' 200 lO 

(iii) As the current lags behind the potential difference, the 
circuit contains resistance and inductance. The power 
consumed by the circuit is given as 

=> 

P=E xf xcos"' 
""' ""' 'I' 

P= E,;,, x cos~ 
z 

Z= E,;,,xcos~ 
p 

(220)2x0.8 
Z= 

550 
=70.40 

Power factor of the circuit is given as 

=> 

R 
cos~=-

Z 

R=Zcos~ 

=> R = 10.4 x 0.8 = 56.320 

Circuit impedance is given as 

=> 

=> 

z2=R2+(roL)2 

rol= ~(Z2 -R2 ) 

roL = .J(70.4)2 -(56.32)2 =42.240 

Electrom8gn'8tic friductiOO ·and Alternatin9.':currwfil 

In the circuit cos ~ = 1 when 

=> 

1 
'[,:l,=-O)c 

1 
C=--

ro(roL) 

I 

21tf(roL) 

I 
C=-------

(2x3.14x 50)(42.24) 

C=75 x lo-'iF=75µF 

("iv) (a) The current amplitude i0 in circuit is given as 

This is maximum at resonance when roL= 1/roC. lfithappensat 
frequency ro0• Then we have 

1 I 
0) =--= 

0 
.j(LC) ~[(0.12)(480xl0-9)] 

=> ro0 =4167rad/s 

The resonant frequency fo is given as 

ro0 4167 
fo= 21t = 2x3.14 = 663·5Hz 

At resonance maximum current amplitude is given as 

e0 ..fix230 
i = - = --,-- = 14 14A 
0ma, R 23 . 

(b) The average power absorbed by the circuit is given as 

P = e,,,,,,i""' cos ~ 

This is maximum when cos~= I 

=> p =e X j 
max nns nns 

=> 
(E )2 (230)2 

P = ""' = -- = 2300W 
mar R 23 

When capacitor is connected in the circuit, the circuit impedance This alos happens at resonant frequency. 
becomes 

and 

(c) The half power frequencies are the frequencies at which 
the power in the circuit is half the maximum power. These are 
given as 

·R (·23) ro,,,; = ro0 ± -2L = 4167 ± -
2
-x-

0
-_ 1-

2 

=> 001,p =4263rad/s and 4071rad/s 
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18ectroma!l')~tli:,)nductlon and Alter_nat~ng Current 

(d) The quality factor of the circuit is given as 

ro0L 4167x0.12 
Q= R = 23 =21.14 

(~ The current required by the lamp to run at its peak 

( d) It will be more economical to use inductance or capacitance 

in series with the lamp to run it as the reactive components of 
circuit does not consume any power while there would be 
dissipation of power when resistance is ins~rted in series with 
the lamp. 

brightness is given as (vi") Atresonancethemaximumcurrentincircuitis 

p 5 
I= V = 

20 
=0.25A 

The resistance of the lamp is given as 

V 20 
R= I= o.25 =son 

(a) When a capacitor C is placed in series with lamp, then its 
impedance is given as 

The current through the circuit becomes 

200 
I= r===== =0.25 

~[R2 + (!/ roC)2] 

=:> 200 =0.25 

(80)2+( I ) . 
4112 x502 xC2 

=:> C=4.0x !(r-OF=4.0µF 

(b) When an inductance Lis placed in series with the lamp 
then the inductance is given as 

Z= ~[R2 +(roL)2
] 

The current through the circuit becomes 

I= 2
00 =0.25 

~[R2 +(roL)2] · 

200 
=:> --;=======c'= =0.25 

~[(80)2 +(4112 x502 xL2)] 

=:> L=2.53H 

(c) When a resistanceris placed in series with lamp ofreistance 
then the current through the lamp is given as 

=:> 

=:> 

200 
-- =0.25 
R+r 

200 =0.25 
80+r 

r=720Q 

e 24 
i = -=- =6 
""" R R 

=:> R=4Q 

Across DC source the steady current in circuit is given as 

12 12 
I= 4+R = 8 =I.SA 

(vii) (a) Using transformer equation, wehave 

!!!_=_ 
n, 20 

Usinge,=250V andi, = SA, we have 

=:> 

=:> 

=:> 

n, 
e =-xe 
' n P p 

. I 
e =-x250=!25V 
' 20 . 

(b) Using ideal conditions and transformer equation, we have 

=:> 

=:> 

n, . 
i =-XI 
P nP s 

I ' 
!. = -x8 =04A 
P 20 . 

(c) Power output-of transformer is given as 

=:, P=l2.5X8=100W 

(viii) For DC source we use 

vd 2so " 
R=_£,.=-=250Q 

Id.c. I 

When a DCvoltage is applied to the circuit containing L, C and 
Ra curren\flows through itsoweconsid'? R is in parallel with 
L and C as shown in figure. 
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1318 

hnpedance Z of the circuit at frequency 2250 rad/sis given as 

I 
z I I l 

R2+( 1)2 wL-­
wL 

Circuit impedance can also be directly given as 

V 250 
Z=-=-=200Q 

i 1.25 

=> 

=> 

I I I 
--=-+----
(200)2 R2 ( 1 )2 

wL-­
wL 

I I 9 

= (200)2 - (250)2 = (10)6 

(wL--1 ) = 1000 
wL 3 

Elect~~m~9~e!iC lfldUciiOn ·and Altemating..::Cu?re:filj 

From equation-(2), we have 

1 
22SQL = 9000 X 10-6 

I 4 
=> L= 2250x9000xl0-6 = SIH 

(ix) At resonance the circuit current is given as 

e VR 60 
i= R =R=R=0.5A 

Voltage across inductance is given as 

=> 

v, = ;x, = (0.5)wL=40 

40x2 
L= 0.5x4000 

L=20mH 

At resonance we have 

=> 

=> 

I 
wL=­

wC 
1 

C=-
w2 L ( 4000)2 x 20 x 10-3 

I -4 25 
C=

32
x10 =gµF 

(x) By applying a DC voltage no flux variation takes place in 
core of transformer so no voltage is induced in secondary coil. 

(xi") Voltage at primary and secondary coil of transformer are 
given as 

e1 =240 Vande2=24V 

Resistance oflamp is given as 

=> ( 2250L - - 1-) = I OOO 
2250C 3 ···(I) V2 (24)2 144 

R=-=--=-Q 

At resonance the frequency is given as 

I 
ro2=-

=> 

o LC 

I 
4500 x 4500 = LC 

I 
22SOL = 9000C 

From equation-( I), we have 

I I 1000 -----=--
9000C 2250C 3 

C= 10-6F= lµF 

... (2) 

P 140 35 

Current in secondary coil is given as 

e2 24 35 
i =-=-x35=-A 2 R 144 6 

Power at primary coil is given as 

P1 =e1i1
=240 x 0.7= 168W 

Power at secondary coil is given as 

35 
P=ei=24x-=140W 2 2 2 6 

Transformer efficiency is given as 

11 = ezi2 xlOO = 148xlOO 
e1i1 168 

=> 11 =83.33% 
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~romag~etlcJl"/uction · and Alternating Current 

Solutions of CONCEPTUAL MCQS Single Option Co"ect 

Sol. 1 (C) The circuit will have inductive nature if 

l d · · "f l If . . h ro > ,-;-;:; an capac1t1ve nature 1 co < ~ . crrcmt as 
vLC vLC 

inductive nature the current will lag behind voltage. At 

resonance when capacitive and inductive reactance are equal 

power factor is equal to unity. Hence option (C) is correct. 

Sol. 2 (A) The magnetic flux is given as 

~= at (T-t) = at T- at' 

EMF induced in the loop is given as 

d~ . 
e= - aT-2at=a(T-2t) 

dt 

If heat generated in time dt be dH then we have 

e2 e2dt 
dH=i2Rdt= -xRdt = --

R2 R 

Total heat generated can be obtained by integrating above 

expression which is given as 

T 2dt 
H=f dH= f-e 

o R 

T T lJ2 lJ2 2 H=- e dt=- a (T-21) dt 
Ro Ro 

a 2 41 2 
2

[( 

3 )Jr H=R T t+3 -Zt T 
0 

a 3 I 3 2 [ 4 3 ] H=R T t+3 -2t 

a2T, 
H=--

3R 

Sol. 3 (C) The total charge flown through a conducting loop 

in magnetic field is given as 

,i~ 
liq= -

f R 

Thus option (C) is correct. 

•......... ·.:--···_ ---· 3191 

Sol. 5 (B) EMF induces across the length of the wire which 

cuts the magnetic field. So in this case we have 
(Length of c = Length cl) > (Length of a= b) 

So we have (ec = ed) >(ea= eb). Hence option (B) is correct. 

Sol. 6 (B) When the loops are brought nearer, magnetic flux 

linked with each loop increases. Thus the current will be induced 
in each loop in a direction opposite to its own current according 

to Lenz's law. So, the current will decrease in each loop. 

Sol. 7 (A) Due to conducting nature of aluminium, eddy 
cnrrents are produced force on which causes damping in 

oscillations. 

Sol. 8 (C) The inductance of solenoid is given as 

N2 
L=µ-A 

o I 

(2N)2 
L'=µ x -- xA 

o 21 

~ L'=2[µ0~2A]=2L 

Thus inductance of solenoid is doubled. 

Sol. 9 (A) Eddy current are produced when magnetic flux linked 
with a metallic body changes hence option (A) is correct. 

Sol. 10 (B) As switch is closed current will increase from its 
zero value to a finite value. In this process flux will change 
which induces an EMF to oppose the change. Thus brightness 

of bulb would increase slowly. 

Sol. 11 (C) Magnetic field of ring is also along it axis, parallel 

to the direction of velocity of charged particle so no magnetic 
force will act on charged particle. But due to g velocity of 

charge particle will increase. 

Sol. 12 (D) Voltage as function of time is given as 

t 
V(t)= -+l 

3 

Current= IA 

For capacitor, we have 

Sol. 4 (B) According to Lenz's lawthe direction of induced 
cnrrent is such that it opposes the canse of induction. As 
current is increasing in the solenoid the induced current will be ~ 

opposite to it. As (dildt) is a constant thus induced current is 

Cdv 
I=­

dt 

I=c[½+o] 
C=3F constant. ~ 
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Sol. 13 (C) If magnetic field in a region is charging, then 
induced electric field exists even outside the region where 
magnetic field does not exist because if outside a closed loop 
is considered the magnetic flux through the loop changes with 
change in magnetic field. 

Sol. 14 (B) Root mean square value is given as 

Tr Vo'dt (@02 (!_). f@vo'(!_) F?. 
o 4. 4 Vo -.Vo 

I
T = . T.. = T = 4 = 2 

dt 
0 

Sol. 15 (C) The induced EMF in the coil is given as 

e= L1::1 =Lx (Sl?~e9fi-tgraph) 

So initially EMF is zero as slope ofi-tcurve is zero and then 
remaining two regions slopes are constants but of opposite 
signs. Hence induced EMF are constants but in opposite 
direction hence option (C) is correct. 

Sol. 16 (C) The resonant frequency of a series RLC circuit i~ 
given as 

I 
co=--
' ..fie 

For co1 = eoi we use · 

· 1 l 

JL,C = JL,,2C 

On squaring both sides, we get 

1 1 
-=---
L,C L,,(2C) 

½ = .! 
£., 2 

L1 L2=-2 

Sol. 17 (C) In capacitor current leads reference voltage by 

~ . _ In inductor in series with a resistor combinati_on current 

legs·reference voltage by an angle tan-1 ji . Thus phase 

d':ffi , . b h . . . . 1t . I XL 
1 erence etween t e two currents ts given as - + tan-: -·-. 

2 R 
Hence option (C) is correct. 

Sol. 18 (C) When the circuit is switched on the charge· starts 
oscillating between the capacitors and mean position of 
oscillations is when the two capacitors wil!'be at same potential 
(minimum energy state). The energy stored in capacitors at 
same potential is given as 

,, >· ll_.,...., ~ ·: --~· -~~ _,.-.,,,·"",) "'-"'"-·J 
Electromagnetic lnduction,apd 'A~matin9\~-~-rr8(,l(j 

Q' 
Umean = 6C 

Initial energy in capacitors is given as 

Q' (2Q)2 3Q2 

__ Uinitial = 2C +4C = 2C 

Thus maximum energy stored in inductor is when system is at 
mean position which is given as 

U magnetic= U initial - U mean 

3Q2
. Q' 4Q' 

=> Umagnetic = 2C .- 6C = 3C 

Ifinitial rate of growth ofcurrent is di/dt then we have 

.di . ·(Q). 
L dt =Z C 

di = 2Q 
dt LC 

Hence option (C) is correct. 

Sol, 19 (A) The capacitive and inductive reactance of the 
circuit are given as 

1 
Xe= roC and XL= coL 

At co< cores' Xe> XL so thecircui! is capacitive. 

Sol. 20 (A) When magnet enters in the coil then for a short 

duration flux through the coil remain constant so no EMF is 

induced and when it comes out and goes back into the coil 
EMF changes direction every time when magnet is outside and 
reverses the direction of motion. Hence option (A) is most 

suitable for this case. 

Sol. 21 (C) In diamagnetic substances on placing these in 
external magnetic fields the dipoles are induced in direction 
opposite to external field thats why the susceptibility of such 
substances is negative. 

Sol, 22 (D) Average value of the function shown in graph is 

given as 

T/2 T 

f Vodt f (-V0 )dt 

Vavem"'" = 0 + ~T~/2~-- = 0 
-~- T/2 T/2 

RMS value of the function shown in graph is given as 
' . . .. 

T 

J Vo'dt . 
V = _o __ = V: 

""' T o 
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fE1e9tromaQn8t1C-;iO.dUOiiOr\" and A1t8rnating Current 
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Sol. 23 (D) The magnetic flux passing through the loop is a 
function of distance between magnet and the loop. When 
magnet moves then rate of change of flux will be directly 
proportional to the speed of the m~gnet and ifloop also moves 
away from the magnet ihen relative sp~ed· of the two is ~ero 
and no EMF will be induced in the loop, 

Sol. 24 (D) ADCammeteronlymeasnresDCcurrentandwhen 
AC is passed through it then it_ measures i'Verage value of 
current which is zero. 

Sol. 25 (C) In given circuit initially voltage across inductor 
and capacitor are same and in this case We haVe 

x,=Xc 

Thus the potential difference across the combination ofL and 
C will remain same at zero because the circuit is in resonance. 

Sol. 26 (B) If currents is passed through the straight wire, 
magnetic lines are circular and tangential to the loop. So, no 
flux is linked with the loop so no mutual induction will exist 
between the two. 

Sol. 27 (B) Out of given substances only in Nickel there are 
unpaired electrons present in its orbital configuration. 

- ·_·· _····_"_·_---'·'--====--~-M-1] 

Sol. 32 (D) B-H curve area represents the energy dissipated 

per unit volume per cycle of the curve. More the area more 

energy is dissipated in depolarization of dipoles after 
polarization in half cycle. 

Sol. 33 (C) EMF induced in the two rings between their 

topmost and bottommost points is given as 

e=Bv(2R). 

In Ring "A" and Ring "B" the direction of EMF is opposite so 
we have 

VBT-V lil"=4BvR 

Hence option (C) is correct. 

·Sol. 34 (D) The rate of power delivered by the external force 

is given as 

dp d _ ~ dV 
- = - (F·V) =F- =Fa 
dtdt-, dt 

As acceleration in this case is decreasing with time so rate of 
power also decreases. 

Sol. 35 (D) There is a force Bl/ acting on the rod carrying a 

current/ due to current source. By right hand palm rule we 

can see that this force is acting in vertically upward 

Sol. 28 (D) In a series RLC circuit, at resonance, the·power. direction. The acceleration of rod is given as 

factor is given as 

1 
Now depending on whether coL is greater or less than roC the 

lag or lead will occur. 

Sol. 29 (D) At t = 0, for the purpose of current calculation in 
circuit inductor can be assumed as open circuit and capacitor 
as short circuited. 

Sol. 30 (C) As XL= Xe at resonance 

X 
=> ....£ = 1 for both circuits. 

Xe 

Sol. 31 (B) The field at A and B are out of the paper and 
inside the paper respectively. As the current in the straight 
wire decreases the field also decreases. The change in the 
magnetic field canses induced current in both A and B. 
According to lenz's law induced currents in coils A & B tend to 
oppose the variation of change in magnetic field so induced 
current in A is anticlockwise and in Bis clockwise. 

F-W 
a=--

m 

The magnitude of acceleration will be constant, but the 

direction will depend on the mass of the rod. 

Hence option (D) is correct. 

Sol. 36 (C) The induced EMF in the coil is given as 

e= L1::1 =Lx (Slopeofi-tgraph) 

Thus option (C) is correct. 

Sol. 37 (B) By Lenz's law, induced effects always oppose the 

cause of induction. So when the first loop is moved towards 

the smaller loop it will be repelled by the induced current in the 

loop. 

Sol. 38 (A) In segment AB, both points A and B are equidistant 

from the center O of rotation so both points will be at same 

potential. 

Sol. 39 (A) If dipoles does not exist in a material then always 

these are induced in opposition to the external magnetic field as 

already discussed and the substance is called diamagnetic. 
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Sol. 40 (B) After closing the switch current in solenoid 
increases with time so flux passing through B will increase 
with time. By Lenz's law, it should have a tendency to move 
away from the coil io decrease the flux. 

Sol. 41 (B) In ferromagnetic substances due to exchange 
coupling the inside magnetic field increases the external magnetic 
field by a large extent so these have very high permeability. 

Sol. 42 (D) As velocity of rod is parallel to its length, it will 
not cut any magnetic flux due to its motion so no EMF will be 
induced in it across its length. 

Sol. 43 (C) ·As magnetic field is steady and not changing with 
time so no EMF is induced in the ring in any of the two states 
mentioned. 

Sol. 44 (A) During motion the rod is not cutting any magnetic 
flux so no EMF will be induced in the rod. 

Sol. 45 (B) Above Curie point temperature the alignment of 
dipoles in polarized ferromagnetic material gets disturbed and it 
looses the property of exchange coupling so it gets converted 
to a paramagnetic material. 

Sol. 46 (C) EMF induced across the rod is given as 

Thns charge on capacitor is given as 

q = CVc=Bv/C=constant. 

I = dq =O 
C dt 

u = .!.cv2 = .!.cB2J!v 
C 2 2 

Thus option (C) is correct. 

Sol. 47 (A) From right hand pahn rule, we can analyze that 
both A andB points are at higher potential than 0. 

Sol. 48 (B) At mean position, velocity is maximum. Hence 
motional EMF Bvl is also maximum. Velocity v oscillates simple 
harmonically so motional emf will also vary simple harmonically. 
Further, polarity of induced emf will keep on changing. 

Sol. 49 (C) Instantaneous current in the wire is given as 

i= Bvl 
R 

IfA. is the resistance per unit length of conducing rod then we 
use 

Bvl Bv 
i= - = - =constant ')./ '). 

Sol. SO (D) In decay of current through RL circuit, current 
always decays and it cannot remains constant. 

Sol. 51 (C) At I= 0 + an inductor behaves like open circuit 
and a capacitor behaves like short circuit so whole voltage of 
the battery will appear across the inductor just after closing 
the switch. 

Sol. 52 (B) Due to diamagnetic nature the dipole polarization 
in the solution will be opposite to the applied field and field will 
repel the material away from it so the liquid solution level will 
fall in this tube. , 

Sol, 53 (A) Rate of increment of energy in inductor is given 
as 

dU = .5._ (.!. Liz J = Li di 
dt dt2 dt 

Current in the inductor at time t is given as 

I di i0 -=-e -r 
dt ~ 

-=-e • I-e • dU Lio -' ( -'J 
dt ~ 

dU 
dt =Oatt=Oaswellasatt=oo 

Hence option (A) is the best representation. 

Sol. 54 (C) Magnetic force on charge carriers due to magnetic 
field is bal":Uced by the electric force due to induced electric 
field, thus we have 

avB=qE; 

E;=vB 
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! Electromagmiii';lncfuciion· and .Alternating Current ~- ~,'., --~--~----·- , .. ~ -

~ VP-VQ=E;C 

~ VP- VQ =BvC 

Sol. 55 (q The magnetic flux in loop A will increase while the 

magnetic flux in loop B will decrease. By Lenz's law, the induced 

current in loop A will tend to decrease the flux in loop A and 

induced current in loop B will tend to increase the flux in loop 

B. So clockwise current is induced in loop A and 

counterclockwise current is induced in loop B. Hence option 

(C) is correct. 

Sol. 56 (A) The EMF is induced only in the straight radial 

wire rotating inside the magnetic field which is given as 

1 
e= 2Br'ro 

Here ro = constant so emfremain constant in magnitude. 

Since magnetic flux increases for half cycle and decreases for 
the other half. Hence emf changes sign every half cycle. 

So the correct graph is drawn as 

E 

0 

Hence option (A) is correct. 

' ' ' , __ _ 

Sol. 57 (B) Power dissipated in the coil is given as 

e2 
P=­

R 

Where induced EMF e is given as 

e=-( ~;) 

Where linked flux with the coil is given as 

~=NBA 
~ e=-NA(:) 
The coil resistance depends upon its wire length and cross 

section which is given as 

... ·-"~ ·-----3-2§) 

Sol. 58 (C) When key K is pressed, current through the 

electromagnet start increasing and flux linked with ring increases 
and according to Lenz's law it produces repulsion effect to 
oppose the increment in flux through the ring. 

Sol. 59 (B) Due to the movement ofboth the magnets, current 
will be anticlockwise, as seen from left side so plate I will be 

positive and 2 will be negative. 

Observer Front side 

Sol. 60 (D) EMF inducesinringanditwillopposesthemotion. 

Hence due to the resistance of the ring its energy dissipates 
every time it passes through the region of magnetic field. 

Sol. 61 (B) In India electricity generation in all power plants is 
done at 50Hz as a national standard. 

Sol. 62 (A) When a bulb and a capacitor are connected in 

series to an AC source, then on increasing the frequency the 

current in the circuit is increased, because the impedance of the 

circuit is decreased. So the bulb will give more intense light. 

Sol. 63 (D) Reactance of circuit is given as 

Solutions of NUMERICAL MCQS Single Options Co"ect 

Sol. 1 (D) Induced current in the coil is given as 

. e 
1= -

R 

N(l!.$1 M) 
i= 

R 

NS(l!.B IM) 

R 

. IO(!Ox!0-4)(104
) ,= 

20 
i=5A 

Sol. 2 (A) The given voltage and current can be written as 

V=S cos rot=S sin( rot+~) 
and i = 2 sin cot 

So the phase difference between voltage and current is$= 7t/2 

and power dissipated in the instrument is given as 

P= Vnnsirrnscos$=0 
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Sol. 3 (D) Transformer does not work with DC. 

Sol. 4 (D) In second rotation of coil the initial and final flux 
passing through the coil are same so we have 

i\il> =0 

Acj, 
~ Q, = Ii" = o 

Sol. 5 (A) The current in LR circuit with time is given as 

E 
i= -(1-e-Rt!L) R . 

~ i = 1: (I - e-s x 2/I") 

Sol. 6 (C) Power dissipated in AC circuit is given as 

P= V,,,,,i,,,..coscl>. 

~ 
100 !00xI0-3 it 

P= -x-,=-xcos-
,/2 ,J2 3 

~ P = 10
4

x!0-
3 

x.!.=10 =iSW 
2 2 4 . 

Sol. 7 (D) .. Io case ofa transformer if power losses are neglected 
then output power is same as input power 

Sol. 8 (B) By energy conservation we use 

I 2 I .2 
-mv0 = -L1n,"' 
2 2 

Sol. 9 (C) The circuit current is given as 

vnns 200 
i =-=-=SA 
nns R 40 

~ i0 =inns.fi.=7.07A 

Sol.10 (D) Inputpower=220V x 0.5A= l lOW 

Output power is IO0W 

100 
n=-=909% 90% ., 110 . ' 

Sol. 11 (C) At t = t side of square is given as 

Area of square is given as 

S=fl=(a+2v.i)' 

Magnetic flu~ through the square is given as 

cj,= BS,= B(a + 2vot>2 

EMF induced in the square loop is given as 

dcj, 
e= - =4Bv (a+2v t) dt O 0 

Resistance of the loop is given as 

R = A[41]=4A(a+ 2vJ) 

Thus current in the loop is given as 

. e Bv0 ,= R =T 

Sol. 12 (B) The applied voltage.is given by V= ~v) + vf 

V= ~(200)2 + (150)2 =250V 

Sol. 13 (B) The total charge flown through the ring is given 
as 

~ 

~ 

~ 

Acj, 
Aq=-

R 

Acj, 
iAt=­

R 

i\il>= i(At)R 

i\il> = IO x 10-3 x 5 x 0.5 Wb 

Sol. 14 (A) At the instant shown in figure, for pure rolling 
instantaneous axis of rotation is at the bottom point of contact 
and the conducting rod appears to be rotating about the bottom 
point Q. Thus the EMF induced in the rod is given as 

Bro/2 

e=--
2 

n(3f}' 
e= 

2 
=Bvl 
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~magnetic lnd_l:!~~~n _ a~~- ~lt~:nating Current 

Sol. 15 {B) The current in circuit is given as 

=> i=0.016A. 

Sol. 16 {A) Induced EMF in the sliding connector is given as 
e=Blv 

This acts as a cell ofEMF Blv and internal resistance R. 
Effective resistance of the circuit is given as 

R,R, 
R"I = R, +JI, 

Total resistance of the circuit is 

R =R+ R,R, 
T R, +JI, 

Current in circuit is given as 

Blv 
i=--------

[R+{R,R2f(R, +Rz)}] 

O.lx{l/lO)xl 1 

i= [1+{(2x3)/(2+3)}] = 220A 

Sol. 17 {A) The voltage across LR series combination isgiven 
as 

v2 = vJ+vf 

Sol. 18 (A) At time t, angle rotated by loop is 0 = rot. This is 

also the angle between direction of magnetic induction and 
area vector of the loop. At this instant magnetic flux through 
the loop is given as 

~=BS cos 0 

~= Bb2 cos rot 

The EMF induced in the loop is given as 

e= l~;I =b2Brosinrot 

Sol. 19 {A) Given current varies at a rate given as 
I=(lOt+ 5)A 

dl 
dt = I OA/s = constant 

At, t= 0, I= 5A so writing equation of potential drop gives 

VA-3x5-IxI0+I0=V
8 

=> VA-VB=l5V 

325! --------------· ----=" 
Sol. 20 {A) Phase angle between voltage and current in series 
LR circuit is given as 

roL 21tx 200 I 4 
tan~= R = 300 X ; = 3 

Sol. 21 {C) At resonance XL = Xe so the currents in the 
inductance and capacitance branch will be equal and in opposite 
phase so their phasor sum will be zero and in that case ammeter 
A3 will read zero. 

Sol. 22 (B) Initial current in the inductor is given as 

,1, =LI.= 500m Wb = 0.5Wb 
'f, ' 

Final current through inductor in steady state after closing the 
switch is given as 

20 
~=s"'4A 

~f=L/1=0.5 X4=2Wb 

~=l.5Wb 

Sol. 23 (D) Current will induced in loop 2 if flux changes 
through loop-2. So current should change with respect to time 
in loop-I. If current in loop-I increases with negative value 
then induced current in loop 2 would be from c to d. As flux 

produced due to loop-I is directly proportional to current i1 
then to produce constant current in loop-2 i I should linearly 
increase with time. Hence option (D) is correct 

SoL 24 (C) Writing equation of potential drop from point A to 
B gives 

VA-Ix 5 + 15+(5 x 10-3)(103) = v. 
V8 -VA =15V 

Sol. 25 (C) The current as a function of time in LR circuit 
after closing the switch is given as 

E( _!!'_) ( _!"_) 
i= R 1_~e L =io 1-e L 

When energy stored in inductor is half the maximum then we 
have 

I .2 _ l[lL_2] -L, - - - 1o 
2 2 2 
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. . ( R,) I --• __ O __ j 1-eL /- ..fj_ -.o 

_!!'_ l ..fi.-1 
e L =1--=--. . ..fj_ ..fj_ 

: =ln(ti) 
/=-In --L (..fj_J 
. ·. R : ..fi.-1 

Sol. 26 (C) Inductive reactance of the inductor is given as ,._ ' ' 

-Z=Xr=2,rx60x0.7 

Thus cir<;:uit current is given as 

120 120 
i= - = ---- 0.455A 

Z. 2,rx 60 X 0.7 

Sol. 27 (B) Flux change in coil Yis related to current change 
in coilXas 

,p=Mi 

=:, d,p=M di 

d,p 
M= di 

·1.2 
M= 3 =0.4H 

Sol. 28 (A) The magnetic induction_du!' to wire at a distance 
a from wire is·given as ' 

. B = &_!._ 
21t a 

Force on a charge q moving in magnetic induction is given as 

' . 

, · F =Bqvsin90° 

µ0iqv 
F=--
. 2,ra 

Sol. 29 (A) EMF induced in the triangula; loop is given as 

d,p 
e=-

dt 

dB 
e=A-· · 
' . dt 

Ar~a of Triangle.is given as 

. 'Ji' ' 
A= - x (side)2 

4 

A= .,[3 x2x2=.,/3m2 

4 

=:, e = .,/3 x.,/3 =3V 

By symmetry in each rod emf will be 1 V. The current in the 
triangular loop is given as 

e .3 
i= R = 5 =0.6A 

Voltage drop between A andB= 0.6 x l;=0.6V 

So voltage across AB is given as . 

VAB=eAB-iR= 1-0.6 x I 

VAB = 1-0.6 =0.4V 

Sul. 30 (C) Voltages in the given circuit are related as 

' ' ·2 v-=v-+(V-V) R L C 

Cir~uit current is given as 

· 220 . 
i = JOO =2.2A 

Sol. 31 (B) When the coil is rotated through 180°, the flux 
changes from cpto-cp. Hence change in fluxiscp-( -cp) = 2,pand 
we use cp= Mi. 
So change in current is 2i. This causes a deflection of 14 units. 

Sol. 32 (D) At the instant shown in figure, for pure rolling 
instantaneous'axis ofrotation is at the bottom point of contact 
and the conducting rod appears to be rotating about the bottom 
point Q. Thus the EMF induced in the rod is given as 

Bro/2 

e=--
2 

e= 
(B)(v l2R)(4R)1 

2 

e=_2BvR 

' Sol. 33 (D) Circuit impedance _for series RLC circuit is given 
'· as 

· I 1 · 1 Z=-\J(R) +(Xr -Xe) 

R= IOQ X =Oll~2000 xs x 10-3 = IOQ 
' L 

I . I 
X =-=-----=IOQ i.e. Z=I0Q 

c roe 2000x50xl0-6 

As XL= Xe so circuit is in resonance and current in circuit is 
given as 

Study Physics Galaxy with www.puucho.com

www.puucho.com



1E1ectromagnetic Induction and Alternating Current 1--------- - - -- - - . 

V0 20 
i =-=-=2A 
o Z 10 

2 
0 i,m,= .fi. =I.41A 

Voltmeter reading is equal to thevoltagc across the resistance 

Sol. 38 (A) Capacitance of wire is given as 

C=0.014x Jo-"x 200=2.8 x 10-6F=2.8µF 

For impedance of the circuit to be minimum, we use 

as at resonance phasor voltage ofcapacitor and inductor gets o 
cancelled out 

1 
2rr.vL = Z,cvC 

V""' = innsR=4 x 1.41 = 5.64V 

Sol. 34 · (B) Charge flown q is given as 

t.4> 

0 

0 

q=11 

NBA 
q=-­

R 

q= 50x0.2x(l00xl0--4) C 

2 

q=0.5C 

Sol. 35 (B) The decaying current in a short circuited choke 
coil is given as 

0 

i = i e-Rt/L 
0 

J3i = i e-Tlt 
0 0 

T 
,= ln(l/13) 

Sol. 36 (DJ Power supplied by external agent in moving the 
loop will he used as internal energy in the loop which is given 
as 

P=Fv= 10 x 2=20W 

Sol. 37 (A) Induced EMF in the rod is given as 

e= (vxB)-1 

Velocity of the rod is given as 

v = 21 
Magnetic induction in the region is given as 

B=3l+4f 
Vector length of the rod is given as 

f =(5cos53") l +(5 sin 53")i = 31 +4k 
So EMF induced is given as 

e= [(2/)x(3}+4k)]-[3i +4}] 

o e= (6k-8i)-(3l +4)) 

0 e=-32V 

0 

0 

4(3.14) 2 x (5xto3}2 x2.8x 10-6 H 

L=0.35x 10-3H=0.35mH 

Sol. 39 (B). Heat dissipated in choke coil wilLbe the amount 
of magnetic el)ergy stored in it which appears as joule heat. In 
steady state condition it is given that 

0 

P= ;JR 

p 
;2 = -
n R 

and we have time constant of circuit as 

L 
t=-

R 

0 l=tR 

Heat dissipated in current decay is given as 

0 

1 , 
H= -Liii 

2 

H=-(,R) - =-P, I (P) 1 
2 R 2 

Sol. 40 (D) Motional EMF across the wings is given as 

e=vBI 

0 e=(36Q X 5/)8) X (4 X Jo-4) X 50 

0 e=2V 

Sol. 41 (C) Mean square current is given as 

,, 
f i2dt 

\i2)= !l,;-
f dt 
,, 

,, 
f (4t)dt 

\;2)= ~''-,,--
J dt ,, 
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=> ( ;
2)= 

4[f I =[16-4]=12s 
(4-2) · 

i = ~(i2) ,;,, ./12 = z.fjA rms . 

Sol. 42 (B) By short circuiting the battery, Thevenin's 
resistance across inductor is given as 

=> 

R 
r =­

th z 

L ZL 
-r=:- =-

,r,h R 

Sol. 43 (B) Charge flown through the ring due to change in 
flux is given as 

A~ 
Aq=-

·. R 

Where change in flux through the ring is given as 

,ui2B 
~=--0 

4 

=> 
,ui2B 3.14x(0.2)2 x2 

Ll.q= 4R = 4x0.0I 

=> Aq=6.28C 

Sol. 44 (D) At resonance net voltage across Land C in series 
is zero so reading of V4 is zero. 

Sol. 45 (D) Initial magnetic flux passing through the square 

.= µ0ia 1n(b+aJ 
~. Zit b 

Similarly after 180° rotation, final flux is given as 

=> ~=l~-~J= µ0ia1n(b+aJ 
• l' Zit b-a 

Charge flown through the loop in process of rotation is given 

as 

=> Aq= A~ = µ0ia 1n(b+aJ 
R ZitR b-a 

90 90 
Sol. 46 (C) iL = 

30 
= 3A, ic= Z0 =4.SA 

Net current through the AC source is given by phasor sum of 
the two currents which are in opposite phase which is given as 

i= ic-iL = I.SA 

Thus circuit impedance is given as 

V 90 
Z= - = - =60Q 

i 1.5 

Sol. 47 (B) At t = 0, i = EIR in steady state when switch is in 
position-I. 
Now this current will decay in closed loop in anti-clockwise 

direction when switch is shifted to position-2. So i20 = EIR is 
the initial current after witch is shifted to position-2. 
Thus we have 

. E 
l =-
I R 

loop can be calculated by integrating the flux through an 
elemental strip considered in the square loop as shown in figure and 
below, which is given as 

. E 
I=--
2 R 

b+a . 

J µo 1 
~= --(atlx) 

I b 21CX • 

0 

~ , a 

I i--------rn·. . 
' ' 

' ' X 1________ 41+-

dr 
b 

0 

it 
Sol. 48 (A) As the current i leads the voltage by 4 , it is an 

RC circuit, for which the phase difference between EMF and 
current, is given as 

=> 

=> 

=> 

. .Xe 
tan~=~ 

it . I 
tan-=·--

4 roCR 
roCR=I 

I 
CR= -s-1 

100 

From all the given options only opiion-(A) is correct 

\ 
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tEiSCtrofficiQnetiC JnducifO~ -~~~A.ft8_ffi~~~g. ~urrent 

Sol. 49 (B) Current in the circuit branch shown is given as 

dq 
i= - =(8t)A 

dt 

At t= ls, q=4C andi= 8A 

=> 
di 
dt =8A/s 

Charge on capacitor is increasing, so charge on positive plate 
is also increasing. Hence direction of current is towards left as 
shown in figure. 

We write the equation of potential drop from point a to b which 
gives 

4 
V+2x8-4+2x8+-=V: 

a 2 b 

=> Va-Vb=-30V 

Sol. 50 (B) EMF induced in a rotating coil in uniform magnetic 
induction is given as 

e = NBArosinrot 

Maximum EMF induced is given as 

=> 

=> 

=> 
1800 

e
0 

=2 X (3.]4)2 x 60 X 4000 X 0.5 X 10-4 X (7 X Jo-2)2 

=> e0 =0.58V 

Sol. 51 (q Steady state current through inductor in initial 
stage when switch is in position-I isE/R. So att=O, current in 
closed loop when switch is shifted to position-2 will remain 
same as at initial instant capacitor behaves like short circuit. 

Sol. 52 (D) Work done in pulling the loop out of magnetic 
field is given as 

W=It.q, 

=> W= (%}~~ 

(BS)2 

=> W= Rl!J 
(0.4 x 2.5 x 10-3 x I 00)2 

IOOxl 
O.lmJ 

--·· --- ______ 3_2_91 

Sol. 53 (B) Rate of current variation is given as 

dl 
- =lrocosrot 
dt O 

EMF induced in the second coil is given as 

=> 

dl 
e= M- =Ml rocosrot 

dt O 

e =Ml ro nm 0 

e""" = 0.005 x IO x l001t 

enm =(Sit)V 

Sol. 54 (A) At time t = 0, resistance capacitor behaves like 
short circuit and inductor behaves like open circuit so at this 
instant circuit resistance across the battery will be 

R R SR 
R =-+-=-=SQ 

net 2 3 6 

Current through the battery at t = 0 is given as 

E 5 
i=- =-=IA 

~.. 5 

Sol. 55 (A) EMF induced in the loop is given as 

dq, d dB t.B 
e= - = -(BA)=A- =A-

dt at dt M 

=> 

=> M=20ms 

Sol. 56 (D) Area vector of the loop which is perpendicular to 
x-y plane, is given as 

S =(ab)k 

Magnetic flux through the area ofloop is given as 

<i>= B · S = (SO)(ab) = constant 

=> dq, =O 
dt 

=> e=O 

Sol,57 (A) Time constant of the left branch ofcircuit is given 

as 

L 0.01 , = - = -- = J0·3s 
1, R 10 

Time constant of the right branch ofcircuit is given as 

'c= CR=(O.I x 10-3)(10)= J0-3s 
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Steady state currents in left and right branch of circuit are 
given as ==> _µ 0b 1 (a+b) d(l _,,,) e--n -- ·- 0e 

The given time is the half-life time of both left and right branches 
of the circuit so current in branches at this instant are given as 

2 i =i = - = IA 
L C 2 

Tons total current through the battery at this instant is 2A. 

21t a dr 

_ µ,bl, 1n(a+b) _,1, e--- -- e 
2m: a 

Sol. 59 (C) Value remains ¾thin 20ms times. Hence two half 

lives are equal to20ms.So, one half-life is !Oms thus we use 

Sol. 58 (B) To calculate the magnetic flux through the => 
rectangular loop, we consider an elemental strip in the loop as 
shown in_figure. 

(ln2)L 
R=--

ll/2 

l 

The strip h :width dx audat a distancex distance from wire 
carrying cu,-, .xt_l, ·,,magnetic flux through th., strip is given 
as 

µol 'dx d,j,= -·O 
27tX 

Total magnetic flux linked with the loop is given as 

cj>= f dcp 

cj>= "I'' µ,l_ bdx 
27tX • 

µ,lb . 
cj>= Z1t [ln(a+b)-lna] 

cj>= µ,lbln(a+b) 
21t a ) 

EMF induced in the loop is given as 

e=[:;[ 

e= µ0b 1n(a+b)· dl 
21t a dt 

R = (In Z)(Z) = (100 In 4)f.l. 
!Ox!0-3 

Sol. 60 (D) EMF induced in a loop in time varying magnetic 
field is given as 

dcj> dB lel=-=S-
dt dt 

Induced current in the loop is given as 

. lel (4b2 -1ta2 )B0 ,=-=~--~~ 
R R 

The direction of induced current is given by Lenz's law' to 

oppose the increasing magnetic induction as shown in figure 
below. 

;:,) EMF induced in the wire frame is given as 

-d. 
,-_c --r 

d 
e=-B-A 

" dt 
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; 
~ X X 

' 'A 
X X 

E . . D X 

X X 

' l+----->I 
' ' ~ X X 

' 
The shaded triangle area will change as loop will move towards 
magnetic field and the flux in this area through the loop increases 
with time. In the above figure shown, we have 

7t 
LADC=-

2 

7t 
and LAED= -

4 

IfED=xthenAC=2x 

So area oft.A CD is given as 

1 
S= - xxx2x=x2 

2 

dx dA 2xdx 
llereweuse - = v and - = -- =2xv 

di di di 

Thus EMF induced is given as 

e=2Bxv 

As x = vi, EMF induced is given as 

e=2/WI 

Induced current in the loop is given as 

2 
I= 2Bv 1 

R 

la.I 

Thus op\ion (D) is correct. 

ADVANCE MCQs One or More Option Correct 

Sol. 1 (A, C, D) If the loop rotates about Z axis, the variation 
offlux linkage will be zero. Therefore no EMF is induced in the 
ring consequently no current flows in the loop. When it rotates 
about y axis, its flux linkage changes. However, in insulators 
there can not be motional EMF. If the loop is made of copper, 
it is conductive therefore induced current is set up. If the loop 
moves along the Z axis variation offlnx linkage is zero. Therefore 
the EMF and current will be equal to zero. 

Sol.2 (B,C,D) Thegraphbdowshows V&Iphasors.Current 
,leads the voltage by and angle rr/3. 

' 

k/' ' n/3 
v, 

Power is positive if V & fare of same sign 

Power is negativeif V & I are of opposite sign 

I . 
If rot ~ roC t thus angle decreases 

Sol. 3 (A, B, D) It is given that 

(dildt), = (di/dt)2. 

·e, 4 ·smH · 
-=-=--=' 
e2 L,_ 2mH 

Vz e2 
-=-=-
Vi e1 4 

As power given to the two coils is same at an instant, we have 

. l 4;2 ' ' . 2 

ff\ 2 I (4)(i')· 
W2. = lL,_;f = L,_ i2 . 

. 2 . 

ff\ = 4x(l)2 

W2 4 

I 

4 

... (!) 
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W2 
-=4 
Wi 

... (2) 

Sol. 4 (A, B) The mutual inductance between two coils is 
given as 

µ0N1Ni"'°i M= 
27i 

So, it depends upon the number of turns in each coil and area 
of cross-section of the coils. 

Sol. 5 (A, B, C) Self induced EMF will have a direction such 
that it opposes the change in current in the conductor/coil. If 
current is decreasing, it tend to increase the current and if 

current is increasing, it tend to decrease the cnrrent. Selfinduced 
EMF have a tendency to keep the current same and opposes 
the change in current in the conductor/coil. 

Sol. 6 (A, C) Motional EMF induced across the points P and 
Q is given as 

e=Bvl 

Where 
L 

1=-
2 

Polarity of this motional EMF is given by right palm rule. 

Sol. 7 (A, C) F.or the given situation 

q di 
C +L dt =O 

d2q q 
dt2 + LC =O 

Comparing with standard differential equation of SHM for 
oscillation of q which is given as 

d2q 
-+ro'q=O 
dt 2 

The solution to above equation is given as 

q = q0 cos rot 

and 

According to given conditions 

q2 1 
- =-£;2 
2C 2 

2 
q0 cos rot 1 2@2 . 2 2C = 2 Lq, sm rot 

,, <Y- "'<0'¥(, ==••, ,,,.,_,-'1",1"'l<~i)"'-"'' 

Ele~tr_?m~~netf~i;:~ctior{ and .Alterntti~ij_g~!;!~J!!l~ 

cot2rot= 1 

= 11./Lc 311./ic 511./Lc 711./ic 
~/ 4'4'4'4""" 

Sol. 8 (A, C) The magnetic flux through the square loop due 
to the current in straight wire can be obtained by considering 

an elemental strip in the loop as shown in figure. 

X 

The magnetic flux through the elemental strip is given as 

(
µo ; ) dq,=(B )dS= -- (adx) 

x 21t x 

Total magnetic flux through the loop can be given as 

J
2a µ0ia 

~= d~ =-ln2 
a 211 

Thus mutual induction between the wire and the loop can be 
given as 

M= .P. = µ0a ln2 ; 211 
Cnrrent in straight wire produces an outward magnetic field 
over the loop. If the loop is brought close to the wire outward 

magnetic field passing through the loop increases. According 
to Lenz's law induced current produces an inward magnetic 

field to oppose the increment in the magnetic flux through it. 
Thus induced current in loop is clockwise. 
Hence options (A) and (C) are correct. 

Sol. 9 (All) For a series RLC circuit, impedance is given as 

~ Z= 1002 +[211(50
11°)(100xl0·') . I · l 

211( s:o }<sx10-') 
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~ Z= 100,,,12!1= 141.4Q 

Circuit Current is given as 

e 150,,,12 
i= - = --=I.5A 

Z 100,,,12 

Average power dissipated across resistance is given as 

P=i2R=(I.5)2x 100=225W 

Across inductor and capacitor being reactive circuit 
components no average power is consumed. 
Hence all options are correct. 

Sol. 10 (A, C) Selfinductance ofa coil is given as 

Ncj, 
L=­

i 

Li 
<1>=­

N 

Thus SI unit of magnetic flux is henry-ampere. Selfinductance 

can also be expressed as 

-e -eAt 
L----­

-1!.i/l!.t- Ai 

Thus SI unit of self inductance can also be given as V-s/ampere. 

Sol. 11 (B, C) In series RLC circuit, impedance is given as 

1 1 
If "' > .J[c then we have roL > roC so circuit impedance is 

1 1 
inductive and if ro < .J[c then we have roL < roC so circuit 

impedance is capacitive. 

1 
If roL := roC then circuit impedance is purely resistive and 

power factor will be unity. 

Sol. 12 (A, B, D) Time constant of the circuit is given as 

L 2 
-r = - = - =Is 
L R 2 

Half life time of the above circuit for the current growth is 

given as 

1112 =(In 2) ,L =(ln 2) S 

333J 

Thus the given time is half life time so in this period current 

reduces to half which is given as 

i0 8/2 
i=-=-=2A 

2 2 

Rate of energy supplied by battery is given as 

P=Ei=8x2=l6J/s 

Power dissipated as heat across resistance is given as 

Potential difference across the inductor is given as 

V.-Vb =E-iR=8-2x 2=4V 

Sol 13 (A, C) In all materials due to phenomenon of induction 

always dipole induction take place in direction opposite to the 

external magnetic field so upto some level diamagnetic character 

always exist in all materials. 

Sol. 14 ( C) As inductance is not known we cannot compare 

the potential difference across the two bulbs so their brightness 

cannot be compared when glowing. As frequency of supply 

voltage increases the reactance of the upper branch decreases 

so and that oflower branch increases so current in upper branch 

increases and in lower branch decreases. Thus brightness of 

bulb BI increase and that of B2 will decrease. 

Sol. 15 (A, C) According to Lenz's law, induced effects always 

oppose the change i1 and i2 both are in same direction. Hence 

magnetic lines from B due to both currents are from right to 

left. By bringing A closer to B or increasing i I right to left 

magnetic field from B will increase. So i2 should decrease. 

Sol. 16 (A, B) When the rod PQ is released downward it 

experiences its weight and upward the magnetic force due to 

current in it and both the forces are constant. Depending upon 

which force is greater, it will slide upward or downward at 

constant acceleration. Hence options (A) and (B) are correct. 

Sol.17 (B, C, D) Initial and final magnetic flux through the 

coil are giyen 'as 

cj,1=BScos0° = (4) (2)= 8Wb 

t=BScos90°=0 

Acj,= 8Wb 

EMF induced in the coil is given as 
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Acj, 8 
1'1 = - = - =80V 

Al 0.1 

Current through the coil is given as 

lei i=-=20A 
R . 

Charge flown through the coil is given as 

Acj, 
Aq=- =2C 

R 

This current is not constant. So, we cannot find the heat 

generated unless current function with time is not known. 

Sol. 18 (A, C) The current as a function of time in series RL 
circuit is given as 

E( _!!!_) 
i= R I-e L 

~ifferentiating above equation we get the slope of above curve 

which is given as 

di E ...!!!. 
- =-e L 
dt L 

In curve B shown in figure slope is less but saturation current 

is same that means EIR is constant but EIL is decreased. 

Hence options (A) and (C) are correct. 

Sol. 19 (B, C) The current in circuit is given as 

( di) =oi2q = (-1 )% 
dt max 

O -LC 

Sol. 20 (A, C, D) Soft iron is a ferromagnetic material so it has 

high permeability and selfinductance ofa solenoid is directly 

proportional to permeability of the inside medium. This 

Sol. 22 (B, C, D) As loops are approaching each other, the 

magnetic flux due to each other increases so according to Lenz 's 

law the induced current in the two will have a tendency to 

oppose this and induced current will be in opposite direction. 

The induced current may or may not be higher in magnitude 

than their initial current so the loops may attract or repel each 

other depending upon their final currents are in same direction 

or opposite directions. 

Sol. 23 (A, B, C) The current in circuit branch is given as 

q=2t'-

di 

dq 
i= - =4t 

dt ; ' 

- =4A/s 
dt 

di 
At t = Is, q= 2C, i=4A and dt =4A!s, the potential difference 

across the inductor is given as 

di 
V -V = L- =I x4=4V 

a b di 

Potential difference across the capacitor is given as 

q 2 
v.-v,= c = 2=IV 

Potential difference across the resistor is given as 

v,-vd=iR=4x4=16V 

Summing up all the above three equations gives 

Sol. 24 (A, C) As ba and be are equal the potential difference 

of a and C will be same SO we have 

and 

v.-v,=o 

Bro/2 

V-V=V-V>--
a b C b 2 

increases the inside flux but no effect on the steady state Sol. 25 (B, D) The two halves of the rotating rod behave.as. 

current. Due to increase in L energy stored in it and magnetic motional EMFs so the equivalent circuit of the given system 

moment increases. looks like shown in figure. 

Sol. 21 (B, C, D) If inward 1)1agnetic field increases than 

induced electric lines are anti-clockwise and ifinward magnetic 

field decreases, then induced electric lines are clockwise both 

inside and outside the cylindrical region. 

On positive charge, force is in the direction of E. On negative 

charge, force is in the opposite direction of E. Hence options 

(B), (C) and (D) are correct. 

X 
r/2 e O e. r/2 

r 

X 

O e r/4 
X - X 

r 

(ii) 
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!Efectrornagne(i9/l~duction and Aftematinl} Current 

Induced emf in each halfofrod is given as 

e=(B72) 
If Xis the potential of ring and taking potential at Oto be zero, 
using KCL equation gives 

5X=4e 

4e 2Broa2 

X=-=--
5 5 

and 
X 2Broa2 

I=-=--
r 5r 

The direction of current in 'r' will be towards low potential 

terminal i.e. from rim to origin. 

Sol. 26 (B) The current as a function of time in discharging 

of a capacitor is given as 

V-' 
i= -e RC 

R 

lni=-(R'c }+1n(:J 
In graph-2 the intercept on y-axis is same but slope is decreased 

so from above equation we can see that (VIR) remain same and 

(I/RC) is decreased. Hence only option (B) is correct. 

Sol. 27 (B, C) EMF induced in the loop is given as 

e=l~;I 
The area under the curve gives 

q,1-q,1= J dq, = f e dt 

Which is change in flux that remain constant 
Charge flow ihrough the loop is -given as 

flux change 
11q = R constant 

Sol. 28 (A, D) When rod is released from rest then at an angle 

________ 3MJ 

EMF induced across the ends of rod is given as 

Sol. 29 (A, B, D) In a time varying magnetic field the EMF 

induced in the ring is given as 

dB 
e= A-=7taza 

dt 

This EMF is distributed in all the elements of the ring and a 

steady current flows in the ring due to which across all elements 

the EMF induced and potential drop due to current remain 

same so all points of the ring will remain at same potentials. 

The electric field intensity at the points on ring is given as 

I dB I 
E=-a-=-aa 

2 dt 2 

Sol. 30 (B, D) The rod is equivalent to a rod joining the ends 

P and R of the rod rotating in the same sense as shown in 

figure below. 

®B 

s p'----)-+.,---R 

The EMF induced across points P and R is given as 

Bro/2 

V-V=--
R p 2 

EMF induced across points Q and Pis given as 

Bro/2 

VQ-VP= -2-

Bro/2 

V-V:=--
R p 2 

9 if rod rotates at an angular velocity w then by conservation =:> VQ - VR = 0 

of energy we have 
Sol. 31 (All) In the given situation ifring moves according to 

all the options given, it does not cut the magnetic flux so no 

EMF will be induced in the ring. 
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Sol. 32 (B, C) According to Lenz's law the induced current is 
such that it opposes the motion of magnet by applying a force 
on magnet opposite to its motion direction. 

Sol. 33 (A, C) By principal of energy conservation we have 

PB=PR+PL 
When the circuit was just closed, we have 

di 
p =i2RandP =Li-

R L di 

Electrom_~~-~e~~e .!!!~ct'ion and Alternating Current} 

di 
As dt has greater value at the time the circuit is just closed so 

we have PL> PR and in steady state PR> PL as PL becomes 
zero in sjeady state. Hence options (A) and (C) are correct. 

"' * * * "' 
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