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Foreword

Physics starts with observing the nature. The systematic observation re-
sults in simple rules which unlock the doors to the nature’s mystery. Having
learned a handful of simple rules, we can combine them logically to obtain
more complicated rules and gain an insight into the way this world works.
The skill, to apply the theoretical knowledge to solve any practical problem,
comes with regular practice of solving problems. The aim of the present
collection of problems and solutions is to develop this skill.

IIT JEE questions had been a challenge and a center of attraction for
a big section of students at intermediate and college level. Independent of
their occurrence as an evaluation tool, they have good potential to open
up thinking threads in mind. Jitender Singh and Shraddhesh Chaturvedi
have used these questions to come up with a teaching material that can
benefit students. The explanations accompanying the problems could bring
conceptual clarity and develop the skills to approach any unseen problem,
step by step. These problems are arranged in a chapter sequence that is
used in my book Concepts of Physics. Thus a student using both the books
will find it as an additional asset.

Both Jitender Singh and Shraddhesh Chaturvedi have actually been my
students at IIT, Kanpur. Jitender Singh has been closely associated with
me since long. It gives me immense pleasure to see that my own students
are furthering the cause of Physics education. I wish them every success in
this work and expect much more contribution from them in future!

Dr. H C Verma
Professor of Physics
II'T Kanpur
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Preface

This book provides a comprehensive collection of IIT JEE problems and
their solutions. We have tried to keep our explanations simple so that any
reader, with basic knowledge of intermediate physics, can understand them
on his/her own without any external assistance. It can be, therefore, used
for self-study.

To us, every problem in this book, is a valuable resource to unravel
a deeper understanding of the underlying physical concepts. The time
required to solve a problem is immaterial as far as Physics is concerned.
We believe that getting the right answer is often not as important as the
process followed to arrive at it. The emphasis in this text remains on the
correct understanding of the principles of Physics and on their application
to find the solution of the problems. If a student seriously attempts all the
problems in this book, he/she will naturally develop the ability to analyze
and solve complex problems in a simple and logical manner using a few,
well-understood principles.

For the convenience of the students, we have arranged the problems
according to the standard intermediate physics textbook. Some problems
might be based on the concepts explained in multiple chapters. These
questions are placed in a later chapter so that the student can try to solve
them by using the concept(s) from multiple chapters. This book can, thus,
easily complement your favorite text book as an advanced problem book.

The IIT JEE problems fall into one of the nine categories: (i) MCQ
with single correct answer (ii) MCQ with one or more correct answers
(iii) Paragraph based (iv) Assertion Reasoning based (v) Matrix matching
(vi) True False type (vii) Fill in the blanks (viii) Integer Type, and (ix)
Subjective. Each chapter has sections according to these categories. In
each section, the questions are arranged in the descending order of year of
appearance in II'T JEE.

The solutions are given at the end of each chapter. If you can’t solve
a problem, you can always look at the solution. However, trying it first
will help you identify the critical points in the problems, which in turn,
will accelerate the learning process. Furthermore, it is advised that even if
you think that you know the answer to a problem, you should turn to its
solution and check it out, just to make sure you get all the critical points.

This book has a companion website, www.concepts-of-physics.com.
The site will host latest version of the errata list and other useful material.
We would be glad to hear from you for any suggestions on the improvement
of the book. We have tried our best to keep the errors to a minimum.
However, they might still remain! So, if you find any conceptual errors
or typographical errors, howsoever small and insignificant, please inform
us so that it can be corrected in the later editions. We believe, only a
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collaborative effort from the students and the authors can make this book
absolutely error-free, so please contribute.

Many friends and colleagues have contributed greatly to the quality of
this book. First and foremost, we thank Dr. H. C. Verma, who was the
inspiring force behind this project. Our close friends and classmates from
IIT Kanpur, Deepak Sharma, Chandrashekhar Kumar and Akash Anand
stood beside us throughout this work. This work would not have been
possible without the constant support of our wives Reena and Nandini and
children Akshaj, Viraj and Maitreyi.

Jitender Singh, jsinghdrdo@gmail.com
Shraddhesh Chaturvedi, shraddhesh80gmail.com
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CHAPTER 20

Electric Field and Potential

One Option Correct

1. Two large vertical and parallel metal plates having a separation of 1 cm
are connected to a DC voltage source of potential difference X. A proton
is released at rest midway between the two plates. It is found to move at
45° to the vertical just after release. Then X is nearly (2012)
(A) 107°V (B) 107V (C) 107°V (D) 107V

2. A wooden block performs SHM on a friction- .
less surface with frequency 9. The block con- SECIN
tains a charge +@ on its surface. If now, a uni- +Q
form electric field E is switched on as shown, .M
then SHM of the block will be (2011)

(A) of the same frequency and with shifted mean position.

(B) of the same frequency and with same mean position.

(C) of changed frequency and with shifted mean position.

(D) of changed frequency with same mean position.

3. Consider a system of three charges %, 4 and v,
—23—‘1 placed at points A, B and C, respectively, £
as shown in the figure. Take O to be the centre C o
of the circle of radius R and angle CAB = 60°. \
(2008)

(A) The electric field at point O is g1z directed along the negative
T-axis.
B) The potential energy of the system is zero.
) The magnitude of the force between the charge C' and B is #.

C
D) The potential at point O is m.

(
(
(
4. Positive and negative point charges of equal magnitude are kept at
0,0, %) and (07 0, —%), respectively. The work done by the electric field
when another positive point charge is moved from (—a,0,0) to (0,a,0) is
(2007)
(A) positive
(B) negative

111
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(C) zero
(D) depends on the path connecting the initial and final positions.

5. Six charges, three positive and three negative
of equal magnitude are to be placed at the ver-
tices of a regular hexagon such that the electric
field at O is double the electric field when only
one positive charge of same magnitude is placed
at R. Which of the following arrangements of
charge is possible for P, @, R, S, T and U re- T 4
spectively, (2004)

A) +,—+——+ B +,—,+,—+,—

) +,+,—+,—— D) - +,+,—,+,—

6. A metallic shell has a point charge g kept inside its cavity. Which one

of the following diagrams correctly represents the electric lines of force?
(2003)

(©) (D)

<
LK
&

7. Two equal point charges are fixed at £ = —a and z = +a on the z-axis.
Another point charge @ is placed at the origin. The change in the electrical
potential energy of @, when it is displaced by a small distance = along the
r-axis, is approximately proportional to (2002)
(A) z (B) 2* (C) 2° (D) 1/a

I,

(A) é?"xﬁ
G

8. A uniform electric field pointing in positive x direction exists in a region.
Let A be the origin, B be the point on the z-axis at x = +1 cm, and C be
the point on the y-axis at y = +1 cm. Then the potentials at the points
A, B and C satisfy (2001)
(A) Va< Vg (B) Va>Vp (C) Vay< Ve (D) Va> Ve

9. Three positive charges of equal value g are placed at the vertices of an
equilateral triangle. The resulting lines of force should be sketched as in
2001)
(A) |

(
® o © \w O

10. The dimensions of %60E2 (where € is permittivity of free space and
E is electric field) is (2000)
(A) [MLT™!] (B) [ML2T~2] (C) [ML~*T~2] (D) [ML?T—}]
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11. Three charges @, +q and +q are placed at Q

the vertices of a right angled isosceles triangle

as shown in the figure. The net electrostatic

energy of the configuration is zero, if @ is equal +q +q
to (2000) a

(&) % (B) 524 (0) 2 (D) +q

12. A charge +q is fixed at each of the points x = xg, * = 3x¢, * = 5xy,

-, 00 on the z-axis and a charge —q is fixed at each of the points x = 2xg,
r = 4xg, * = bxg, --- ,00. Here xzy is a positive constant. Take the
electric potential at a point due to a charge @) at a distance r from it to
be Q/(4megr). Then, the potential at the origin due to the above system
of charges is (1998)
(A) zero (B) —2L-— (C) infinite (D) ;422

8mepxo In 2 4meoxo

13. An electron of mass m., initially at rest, moves through a certain
distance in a uniform electric field in time ¢;. A proton of mass m,, also
initially at rest, takes time t5 to move through an equal distance in this
uniform electric field. Neglecting the effect of gravity, the ratio to/t; is
nearly equal to (1997)
(A) 1 (B) (mp/me)""? (C) (me/m;)""* (D) 1836

14. A metallic solid sphere is placed in a uni-
form electric field. The lines of force follow the
path(s) shown in the figure as (1997)

(A)1.(B) 2(C) 3 (D) 4

15. Two point charges +¢ and —q are held fixed at (—d,0) and (d,0)
respectively of a z-y coordinate system. Then, (1995)
(A) the electric field E at all points on the x-axis has the same direction.
(B) work has to be done in bringing a test charge from oo to the origin.
(C) electric field at all point on y-axis is along z-axis.

(D) the dipole moment is 2¢d along the x-axis.

16. Two identical thin rings, each of radius R, are coaxially placed a dis-
tance R apart. If Q1 and Q2 are respectively the charges uniformly spread
on the two rings, the work done in moving a charge ¢ from the centre of

=N

one ring to that of the other is (1992)
(V2-1)¢(Q1=Q2) V2¢(Q14Q2) (V24 1)g(Q1+Q2)
(A) Z€ro (B) V2(4meoR) (C) dmeo R (D) V2(4meoR)

17. A charge ¢ is placed at the centre of the line joining two equal charges
Q. The system of the three charges will be in equilibrium if ¢ is equal
to (1987)

(A) =Q/2 (B) —Q/4 (C) +Q/4 (D) +Q/2

18. Two equal negative charges —q are fixed at points (0, —a) and (0, a)
on y-axis. A positive charge @ is released from rest at the point (2a,0) on
the z-axis. The charge @ will (1984)
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114 Part V. Electromagnetism

(A) execute SHM about the origin.

(B) move to the origin and remain at rest.
(C) move to infinity.

(D) execute oscillatory but not SHM.

19. A hollow metal sphere of radius 5 cm is charged such that the potential
on its surface is 10 V. The potential at the centre of the sphere is  (1983)
(A) zero.

(B) 10

(C) same as at a point 5 cm away from the surface.

(D) same as at a point 25 cm away from the surface.

20. An alpha particle of energy 5 MeV is scattered through 180° by a fixed
uranium nucleus. The distance of closest approach is of the order of (1981)
(A) 1A (B) 107 cm (C) 1072 cm (D) 107 cm

One or More Option(s) Correct

21. A length-scale (1) depends on the permittivity (€) of a dielectric mate-
rial, Boltzmann constant (kg), the absolute temperature (7), the number
per unit volume (n) of certain charged particles, and the charge (q) carried
by each of the particles. Which of the following expression(s) for [ is(are)
dimensionally correct? (2016)

(A) 1= /3L (B) I=\/%2L (C) I= /b (D) I=1/oihir

22. Six point charges are kept at the vertices
of a regular hexagon of side L and centre O, as

F\%\E
+q » . —

shown in the figure. Given that K = ﬁﬁ,
which of the following statement(s) is (are) cor- A D
rect? (2012)  t2q —2q

(A) The electric field at O is 6K along OD.

(B) The potential at O is zero.

(C) The potential at all points on the line PR is same.
(D) The potential at all points on the line ST is same.

23. A few electric field lines for a system of two

charges @1 and @5 fixed at two different points
on the z-axis are shown in the figure. These Ql@ Q2

lines suggest that (2010)
A) Q1] > Q2]
Q1] < |Q2]-

at a finite distance to the left of Q1 the electric field is zero.

(
(B
(C
(D) at a finite distance to the right of Q2 the electric field is zero.

—_ = O —
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24. Under the influence of the Coulomb field of charge +@Q), a charge —¢ is
moving around it in an elliptical orbit. Find out the correct statement(s).

(2009)
(A) The angular momentum of the charge —¢q is constant.
(B) The linear momentum of the charge —¢ is constant.
(C) The angular velocity of the charge —q is constant.
(D) The linear speed of the charge —¢ is constant.

25. A positively charged thin metal ring of radius R is fixed in the z-y
plane with its centre at the origin O. A negatively charged particle P is
released from rest at the point (0,0, 20) where zp > 0. Then the motion of

Pis (1998)
(A) periodic for all values of z satisfying 0 < zp < oco.

(B) simple harmonic for all values of zg satisfying 0 < zg < R.

(C) approximately simple harmonic provided zo < R.

(D) such that P crosses O and continues to move along the negative z axis

towards z = —oo.

Paragraph Type
Paragraph for Questions 26-27

A dense collection of equal number of electrons and positive ions is
called neutral plasma. Certain solids containing fixed positive ions sur-
rounded by free electrons can be treated as neutral plasma. Let N be
number density of free electrons, each of mass m. When the electrons are
subjected to an electric field, they are displaced relatively away from the
heavy positive ions. If the electric field become zero, the electrons begin
to oscillate about positive ions with natural frequency w,, which is called
plasma frequency. To sustain the oscillations, a time varying electric field
needs to be applied that has an angular frequency w, where a part of energy
is absorbed and a part of it is reflected. As w approaches wp, all the free
electrons are set to resonate together and all the energy is reflected. This
is the explanation for high reflectivity of metals. (2011)

26. Taking the electronic charge as e and permittivity as €y, use dimen-
sional analysis to determine correct expression for wy,.

(4) e ) ymm () /22 (D) 7T

meg Ne meg Ne?

27. Estimate the wavelength at which plasma reflection will occur for a
metal having the density of electron N = 4 x 102" m~3. Take ¢y = 107!
and m = 1073%, where these quantities are in proper SI units.

(A) 800 nm (B) 600 nm (C) 300 nm (D) 200 nm
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116 Part V. Electromagnetism

Matrix or Matching Type

28. Four charges ¢, ¢2, g3 and ¢4 of same
magnitude are fixed along the x axis at x =
—2a, —a,+a, and +2a, respectively. A positive
charge ¢ is placed on the positive y axis at a
distance b > 0. Four options of the sign of these Q92 93 g4
charges are given in Column I. The direction of  (~24,0) (—a,0) (,0) (24,0)
the forces on the charge ¢ is given in Column I1.

Match Column I with Column II. (2014)

(0,0) 34

Column I Column II

+

P) q1, 42, g3, qa all positive 1

( T
Q) q1, g2 positive; g3, g4 negative (2
R (

(

8]

) 1, qa positive; ga, g3 negative

3
S) q1, g3 positive; g2, g4 negative 4

— —
_|_
< <

29. Some physical quantities are given in Column I and some possible SI

units in which these quantities may be expressed are given in Column II.

Match the physical quantities in Column I with the units in Column IIL.
(2007)

Column I Column II

(A) GM.M,, where G is universal grav-
itational constant, M. mass of the
earth and M, mass of the Sun.

(p) volt coulomb metre

(B) 32 where R is universal gas con- (q) kg m? s=2
stant, T absolute temperature and M
molar mass.

(O) qf%, where F is force, ¢ charge and (1) m? s~2

B magnetic field.

(D) Gé”ﬁ, where G is universal gravita-
tional constant, M, mass of the earth
and R, radius of the earth.

(s) farad volt? kg™ !

True False Type

30. An electric line of force in the z-y plane is given by the equation
22 + 9% = 1. A particle with unit positive charge, initially at rest at the
point x = 1, y = 0 in the x-y plane, will move along the circular line of
force. (1988)

31. A ring of radius R carries a uniformly distributed charge +@Q. A point
charge —q is placed on the axis of the ring at a distance 2R from the centre
of the ring and released from rest. The particle executes a SHM along the
axis of the ring. (1988)
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32. Two protons A and B are placed in be-

+ —
tween the two plates of a parallel plate capacitor + -
charged to a potential difference V' as shown in + I B|-
the figure. The forces on the two protons are i - B

identical. (1986)

33. Two identical metallic spheres of exactly equal masses are taken. One
is given a positive charge @) coulomb and the other an equal negative charge.
Their masses after charging are different. (1983)

34. A small metal ball is suspended in a uniform electric field with the
help of an insulated thread. If high energy X-ray beam falls on the ball,
the ball will be deflected in the direction of the field. (1983)
35. The work done in carrying a point charge from one point to another

in an electrostatic field depends on the path along which the point charge
is carried. (1981)

Fill in the Blank Type

36. Five point charges, each of value —+q

coulomb, are placed on five vertices of a regu- —
lar hexagon of side L metre. The magnitude q
of the force on the point charge of value —gq

coulomb placed at the centre of the hexagon g q
is...... newton. (1992)

37. The electric potential V' at any point z,y,z (all in metre) in space
is given by V = 4z? volt. The electric field at the point (1 m,0m,2 m)
is...... V/m. (1992)

38. A point charge ¢ moves from point P to
point S along the path PQRS (see figure) in a
uniform electric field F pointing parallel to the
positive direction of the x-axis. The coordinates
of points P, @, R and S are (a,b,0), (2a,0,0),
(a,—b,0), (0,0,0) respectively. The work done
by the field in the above process is given by the
expression ...... (1989)

39. Two small balls having equal positive charges @ (coulomb) on each
are suspended by two insulating strings of equal length L (metre) from a
hook fixed to a stand. The whole set-up is taken in a satellite into space
where there is no gravity (state of weightlessness). The angle between the
strings is ...... and the tension in each stringis ...... newton. (1986)
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118 Part V. Electromagnetism

40. Figure shows lines of constant potential in a

region in which an electric field is present. The

values of the potential of each line is also shown. 3

Of the points A, B and C, the magnitude of the

electric field is the greatest at the point ...... §
(1984) 50V {

40V
30V
20V
10V

Integer Type

41. Four point charges, each of +¢, are rigidly fixed at the four corners of a
square planar soap film of side a. The surface tension of soap film is . The
system of charges and planar film are in equilibrium and a = k [q2 /7] N
where k is a constant. Then N is ....... (2011)

Descriptive

42. A conducting bubble of radius a and thickness ¢ (¢ < a) has potential
V. Now the bubble collapses into a droplet. Find the potential of the
droplet. (2005)

43. A positive point charge ¢ is fixed at origin. A dipole with a dipole
moment p’ is placed along the z-axis far away from the origin with p’ point-
ing along positive z-axis. Find (a) the kinetic energy of the dipole when
it reaches a distance r from the origin and (b) force experienced by the
charge ¢ at this moment. (2003)

44. Eight point charges are placed at the cor-

+ —
ners of a cube of edge a as shown in the figure. ‘q N q
Find the work done in disassembling this system N
of charges. (2003) g __|_Jtq
S

45. A small ball of mass 2 x 1072 kg having a charge of 1 uC is suspended
by a string of length 0.8 m. Another identical ball having the same charge
is kept at the point of suspension. Determine the minimum horizontal
velocity which should be imparted to the lower ball, so that it can make
complete revolution. (2001)

46. Four point charges +8 nC,—1 nC, —1 uC, and 48 uC are fixed at the
points —4/27/2m, —/3/2 m, ++/3/2m and ++/27/2 m respectively on
the y-axis. A particle of mass 6 x 107% kg and charge 40.1 uC moves
along the x direction. Its speed at x = +o00 is vg. Find the least value
of vy for which the particle will cross the origin. Also find the kinetic
energy of the particle at the origin. Assume that space is gravity free.

[ L —9x10° Nm2/02.} (2000)

4eq
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47. A non-conducting disc of radius a and uniform positive surface charge
density o is placed on the ground with its axis vertical. A particle of mass
m and positive charge ¢ is dropped, along the axis of the disc from a height
H with zero initial velocity. The particle has q/m = 4epg/o. (1999)

(a) Find the value of H if the particle just reaches the disc.
(b) Sketch the potential energy of the particle as a function of its height
and find its equilibrium position.

48. A circular ring of radius R with uniform positive charge density A
per unit length is located in the y-z plane with its centre at the origin
O. A particle of mass m and positive charge q is projected from the point
P(RV/3,0,0) on the positive z-axis directly towards O, with an initial speed
v. Find the smallest (non-zero) value of the speed v such that the particle
does not return to P. (1993)

49. Answer the following questions,

(a) A charge @ is uniformly distributed over a spherical volume of radius
R. Obtain an expression for the energy of the system.

(b) What will be the corresponding expression for the energy needed to
completely disassemble the planet earth against the gravitational pull
among its constituent particles? [Assume the earth to be sphere of
uniform mass density. Calculate this energy, given the product of the
mass and the radius of the earth to be 2.5 x 10*! kg m.]

(¢) If the same charge ) as in part (a) is given to a spherical conductor of
the same radius R, what will be the energy of the system? (1992)

50. Two fixed charges —2@Q) and @ are located at the points with coordi-
nates (—3a,0) and (+3a, 0) respectively in the x-y plane. (1991)

(a) Show that all points in the z-y plane where the electric potential due to
the two charges is zero, lie on a circle. Find its radius and the location
of its centre.

(b) Give the expression V() at a general point on the z-axis and sketch
the function V'(x) on the whole z-axis.

(c¢) If a particle of charge +¢ starts from rest at the centre of the circle,
show by a short quantitative argument that the particle eventually
crosses the circle. Find its speed when it does so.

51. A point particle of mass M attached to one _

.. . +q
end of a massless rigid non-conducting rod of ]
length L. Another point particle of the same —q

mass is attached to the other end of the rod.

The two particles carry charges +q and —g respectively. This arrangement
is held in a region of a uniform electric field E such that the rod makes a
small angle 6 (say about 5°) with the field direction as shown in the figure.
Find the expression for the minimum time needed for the rod to become
parallel to the field after it is set free. (1989)
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120 Part V. Electromagnetism

52. Three particles, each of mass 1 g and carrying a charge ¢, are sus-
pended from a common point by insulated massless strings, each 100 cm
long. If the particles are in equilibrium and are located at the corners of
an equilateral triangle of side length 3 cm, calculate the charge ¢ on each
particle. [Take g = 10 m/s?.] (1988)

53. Three point charges ¢, 2¢ and 8¢ are to be placed on a 9 cm long
straight line. Find the positions where the charges should be placed such
that the potential energy of this system is minimum. In this situation,
what is the electric field at the position of the charge ¢ due to the other
two charges? (1987)

54. Two fixed, equal, positive charges, each of
magnitude ¢ = 5 x 107° C are located at points
A and B separated by a distance 6 m. An equal
and opposite charge moves towards them along
the line COD, the perpendicular bisector of the
line AB. The moving charge, when reaches the
point C' at a distance of 4 m from O, has a ki-
netic energy of 4 J. Calculate the distance of the farthest point D which
the negative charge will reach before returning towards C. (1985)

55. A thin fixed ring of radius 1 m has a positive charge 1 x 107° C uni-
formly distributed over it. A particle of mass 0.9 g and having a negative
charge of 1 x 107% C is placed on the axis at a distance of 1 cm from the
centre of the ring. Show that the motion of the negatively charged particle
is approximately simple harmonic. Calculate time period of oscillations.
(1982)

56. A charged particle is free to move in an electric field. It will always
move along an electric line of force. (1979)

57. A pendulum bob of mass 80 mg and carrying a charge of 2 x 107° C is
at rest in a horizontal uniform electric field of 20000 V/m. Find the tension
in the thread of the pendulum and the angle it makes with the vertical.
[Take g = 9.8 m/s?.] (1979)

58. A rigid insulated wire frame in the form of
a right angled triangle ABC; is set in a vertical
plane as shown in the figure. Two beads of equal q q2
masses m each and carrying charges ¢; and go
are connected by a cord of length [ and can slide
without friction on the wires. Considering the
case when the beads are stationary determine, (1978)
(a) (i) The angle a.
(ii) The tension in the cord.

(iii) The normal reaction on the beads.
(b) If the cord is now cut what are the values of the charges for which the

beads continue to remain stationary?
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Answers
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30.
31.
32.
33.
34.

WO
a

Q

Q
q
8)

—3,
—(p
—(r

HH3=4

—1, R—4, S—2

);

B (r,s),

C—(1,8),

35.
36.
37.
38.
39.
40.

F 2
9 x 1074,
—8i
—qFa

° Q*
180 ) 16meg L2
B

41. 3

42.
43.

44.
45.
46.
47.
48.

49.

50.

51.

52.
53.

54.
55.
56.
57.
58.

v (5)" A
(a) Ty (b) 7L
5.824 ¢°
2)171'50 %

5.86 m/s
3m/s, 3x 1074
(a) 4a/3 (b) a/V/3

121

(a) 2¢ and 8¢ at ends, ¢ at 3 cm

from 2q (b) zero
From O 8.48 m
0.628 s

F

8.8 x 107* N, 27°

(a) (i) 60° (ii) g %

+ mg

(iii) vBmg, mg (b) qgz =

—4dmwegmgl?
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122 Part V. Electromagnetism

Solutions
1. The electric field in the region between the J
two plates is given by £ = X/d. The proton \ A
moves at 45° to the vertical if the acceleration B
(resultant force) is in this direction. The resul- EB;
tant of electric force ¢F and gravitational force o
mg makes an angle of 45° with the vertical (see g
figure) if ¢F = myg i.e., ¢(X/d) = mg. Thus,
d (1.67x10727)(9.8)(1 x 102
- mgd _ (167 x )(9-8)(1 x ) ~10-0V
q 1.6 x 10—19
2. Let m be the mass of the block, k be the oz o
spring constant, vy = Qi £ (frequency of ! ! '
Tym k(zHzo) QF

1
|
SHM when E is switched off), and O be the o) o
mean position. At the new mean position O’,
the block is in equilibrium due to electrostatic
and spring forces i.e.,

QEZ k‘.’l?o, (1)

which gives zg = QE/k. At O', the spring is compressed by a distance .
Let the spring be further compressed by a distance x (see figure). Apply
Newton’s second law at this position to get

md®z/dt? = —k(z + z0) + QE = —kx, (2)

where we have used QF from equation (1). The equation (2) represents a
SHM with frequency 1. Note that the net force on the block is zero at the
mean position. Readers are encouraged to draw analogy of this problem
with a vertically hanging spring mass system.

3. The charges at A, B, and C are ga = q/3, ¢ = q/3, and gc = —2¢/3.
The electric fields at O due to g4 and ¢p are equal in magnitude but
opposite in direction. Thus, the resultant electric field at O is only due to
charge go and is given by

i
67T60R2 ’
The triangle ABC is right-angled with ZA = 60°, ZC = 90°, and rap =
2R. Thus, rac = R and rgg = V3R. The potential energy for the given
charge distribution is

o -

1
_ [QAQB + qaqc i QBQC}
4meg | TAB TAC TBC

1[(12 2q? 2q2]
]

" drme 18R 9R  0V3R
The magnitude of force between gc and ¢p is Fgc = ﬁ q%‘f = ﬁ.
The potential at O is V = 47360 (ga/R+q/R+ gc/R) = 0.
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4. The charge configuration is shown in the
figure. The point A(—a,0,0) is at a distance
rA = \/5(1/2 from both the charges. Also, the
point B(—a,0,0) is at a distance rg = v/5a,/2
from both the charges. The potentials at the
point A and B are given by

1 gq 1 gq
Va= — — — =0
A dmegra  Admegra
1 1
Vp=—o L — 9
dmegrg  4megTp

Since V4 = Vp, the work done in taking a unit charge from A to B is zero.
The electrostatic forces are conservative and work done by them do not
depend on the path. The readers are encouraged to show that work done
in taking a unit charge from A to B is zero even if both the charges are
positive.

5. The given condition is met if the charge at U B N
is negative, charge at R is positive and field at

O due to P, @, S and T is zero. This is possible _<:>+ _<:>+
if the line joining the two charges and passing - -

through O has charges of same sign on its two ends. Two such possibilities
are shown in the figure.

6. The electric field inside the conductor is zero. The field lines are normal
to the equipotential surface of the conductor.

7. Let O be the origin and O’ be a point to ;
the right of O at a distance z (see figure). The R e
potentials at O and O’ due to charges at (—a,0) (=a,0)
and (a,0) are

q ¢ _ g
drepa  Amepa  2mepa’

Vo =

Vo = ¢ . q _ g a
dmeg(a+x)  4dmeg(a —x)  2meg \ a2 —22 )"

The potential energy of charge @ placed in a potential V is QV. Thus,
the change in potential energy of charge ) when it is displaced by a small
distance z is

AU =QVor = QVo = Z-2 a

_qQ QP
" 2meg a(a? —22) T 2meq a3’

2meg

qQ[ a 1}

(for z < a).
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124 Part V. Electromagnetism

8. The uniform electric field in the region is E =

R . R . . y(cm)
E%. Let dry = dz % and dryy, = dy j be the small 11e B
displacement vectors along x and y-axes. The -
potentials at the point B and C relative to the B
point A are given by A 1 2(cm)

1
VB:VA—/E-sz:VA—/ Edz =V, — Ex,
0
Vo =Va— /E-dfy = V. (since E L dF).

Note that the potential decreases along E but does not change in a direction
perpendicular to F.

9. The electric field lines emanate from a pos-
itive charge. They do not intersect and do not
form closed loops in electrostatics. By symme-
try, the field is zero at the centroid. The fields
at the middle point of each side are non-zero.

The direction of electric field along the perpen- q E+#0 I
dicular bisector is as shown in the figure.

10. The energy density (energy per unit volume) in a region, with electric
field F, is given by %EoEZ. Thus, the dimensions of %E()Ez are same as the
dimensions of the energy density which are [ML2T~?]/[L%] = [ML~1T~2].

11. The electrostatic energy of charges ¢; and ¢z, separated by a distance
r, is given by U = -9 Electrostatic energy of the given configuration is

Ireor”
:47360 Cff+‘{j+\§;a 0. (1)
Solve equation (1) to get Q = 212\%.
12. The potential is V = 4—[3 = §+ 5 - +...] = gr-In2,

13. The magnitude of electric force on the electron and the proton is equal
ie., F, = F, = qF/. The acceleration and distance travelled by the electron
and proton are

qF qF 1, qE#
Qe = —, Ap = —; T = -0t} =
M my 2

1 qEt3
Tp = iaptg = —

2m,’ 2m,,

Equate z. = x, to get to/t; = (m,/m.)"/?.

14. In electrostatics (i.e., when charges are not moving or the charge den-
sity does not vary with the time), electric field inside a conductor is zero.
The field lines are normal to the surface and never enter inside a conductor.
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15. The electric field E on z axis is along —1 for
x < —d, along +7 for —d < z < d, and along —i
for x > d. The potential at the origin O is zero
and hence no work is done in bringing a test
charge from oo to O. The electric field at any
point on the y axis is along 7 as shown in the
figure. The dipole moment of the configuration
is p'= —2qd1.

16. Let S and T be the centres of two rings
carrying charges Q1 and @, respectively (see
figure). The distance of the centre from any
point on the other ring is v/2R. The potentials
at the points S and T due to the two rings are

1 [ Q2
Vs dmeq [R + \@R] ’
1 1@
Vr dmeq [R + \@R] .

Thus, the work done in taking a charge ¢ from

a@ - Q)(E-1)

W =a(Vs = Vr) 4v/2meg R

17. Let the separation between the two parti-
cles of charges @ be 2a. Coulomb’s forces on
the charge ¢ due to the other two charges are
equal and opposite. Hence, charge ¢ is always

125

Y
E

. %’QECOSH

T TE
9 Ap T4

(-d,00 O (d,0)

x

Q1 Q2
o
R
T to S is
F
F q
O d g

f———
a a

in equilibrium irrespective of its sign and magnitude. Coulomb’s force on
a charge @) due to another charge @ is repulsive in nature and has magni-
tude Fg = Q*/(16mepa?). For the charge @ to be in equilibrium, Coulomb’s

force on it due to charge ¢ should be attractive

QQ/(167T€06L2) = —Qq/(47r60a2),

which gives ¢ = —Q/4.

and of magnitude Fy, i.e.,

(1)
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126 Part V. Electromagnetism

18. Let the charge @ be located at a distance x

B3

from the origin O. The electrostatic attraction g 5

forces on charge ) due to charge —q located at e P &,

(0,a) and charge —q located at (0, —a) are equal y ¢ F:ZN
in magnitude and their directions are as shown o ey g Q

in the figure. The magnitude of electrostatic o ///I

forces is TR iy

=}

Qq —q l'.:

" dmeo(a + 22)
Resolve the forces along the x and y directions. The components along the

y directions cancel out. The net force on charge ) is along —x direction
and is given by

2Qqx (1)
dreo(x2 + a2)3/2°

The net force on charge ) is towards the mean position O but it is not
proportional to the distance from the mean position. Thus, the motion of
the charge @ is not SHM. The charge @ starts moving from (2a, 0) towards
O, crosses the origin O and moves upto the point (—2a,0), changes the
direction of motion at (—2a,0) and repeats the journey to the starting
point. The users are encouraged to find the time period of oscillation.

Fret = 2F cos =

19. The potential inside a hollow conducting sphere is constant and its
value is equal to the potential at the surface. Thus, the potential at the
centre is 10 V. Note that the electric field inside the hollow conducting
sphere is zero.

20. Initially, kinetic energy of the alpha particle
is Ko = 5 MeV and its potential energy is Uy =
0 (because it is far away from the nucleus). The d

charge of the uranium nucleus is Q = Ze =

92e and charge on the alpha particle is ¢ = 2e. Let O be the centre of
the uranium nucleus. The alpha particle starts moving towards O and is
scattered by 180° at P (see figure). The distance of the closest approach
is OP = d. The kinetic energy of the alpha particle at P is Kp = 0 (since
its velocity is zero) and its potential energy is

Up = 2Z¢?*/(4meod).
Apply conservation of energy, Kog + Uy = Kp + Up, to get

2 9 —19\2
_2ze? (9x 10 )(223(92) (1.6 x_11(9) P kg 10t
AregK (5 x 10%) (1.6 x 10~19)

+Ze

w,_U

21. The dimensions of thermal energy kpT is ML2T~2. From Coulomb’s
law, F' = q1q2/(4mer?), the dimensions of ¢2 /e is ML3T~2. The dimensions
of number per unit volume n is L~3. Substitute these dimensions in given

. . . ekpT q2
expressions to get dimensions of 4/ Py and \ et 2 L.
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22. The electric field at O due to the charges
at A and D is 4K along OD, due to the charges
at B and F is 2K along OF and due to the
charges at C' and F is 2K along OC. For the
given geometry, resultant of these fields is 6 K
along OD. The potential at O is

_ 1 ¢ 1 o
Vo _24’/TEOE - 47reoquZ =0

For any point on PR, we have pairs of equal and opposite charges at the
same distance making the potential at any point on PR zero. It may be
seen that potential at points on OS is positive and that on OT is negative.
The readers are encouraged to show that the potential on ST (at a distance
x from O, taken positive towards the right) is

V() q 2 2 4x
z) = - _
dmeg |VI2+ a2+l VL2422 —zL L?—a?

23. From the direction of electric field lines, ), is positive and ()5 is neg-
ative. The density of electric field lines (which is an indication of flux) is
more around (7 in comparison to 2. In other words, the flux ¢; through
a small sphere containing ()1 is more than the flux ¢ through a similar
sphere containing Q2. From Gauss’s law, flux ¢ = genc/€0. Thus, ¢1 > ¢o
implies |Q1| > |Q2|. The electric field at a distance x towards the right of
Q- is given by

= 1 Q1 1 Qo
|E]

~ 4re (d+2)?  4meg a2’

where d is the separation between J; and Q3. Since Q1 > Qa, |E\ becomes
zero for some finite x. The readers are encouraged to show that there are
two such points given by

_ Q2+\/Q1Q2d QQ_\/QlQZd
T -Q Q1 —Qr

Also, show that the electric field is non-zero at all finite distances towards
the left of Q1. Draw the electric field lines in the entire region.

T =

1 Qq

4meg 12

24. The torque on a charge —q due to Coulomb force F=— 7 is
7=7x F=0. Since 7 = dL/dt = 0, angular momentum L is a constant.
In elliptical orbit, r varies and hence to keep L = mw?r constant, w must
vary with 7. The speed v = wr = /Lr/m also varies with r. By Netwon’s
second law, F= dp/dt # 0 and hence 7 cannot be a constant. The readers
are encouraged to draw analogy between this problem and the planetary
motion (Kepler’s laws).
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128 Part V. Electromagnetism

25. Let @ be the charge on a ring of radius 2
R and centre O. The electric field at a point ]
P(0,0,20) due to the ring is

. Qzo A R 0O Y
E= k g
dmeg(R2 4 23)3/2 7

and the force on the charge —q placed at P is

Qqzo >

F=_
4reg(R? + 23)3/2

This force accelerates the charge towards O (see figure). When particle
crosses O and moves to the other side of the ring, force direction is again
towards O. Thus, the particle executes a periodic motion about 0.

If zg < R, the force becomes Fa— qu;%s 12: which is proportional to the
displacement zy and is always towards O. In this case, the particle execute

SHM with frequency w = \/4,“?% .

26. Using Coulomb’s law, F' = WTQ, the dimensions of €2/¢q is given

by [ML3T~2]. The number density N has dimensions [L=3]. This gives

Ne?
meg :

dimensions of as T~1 and hence wp =

27. The plasma reflection occurs at the frequency w = w,. Thus, A =

2me/wy = 2me/y [ NE , where ¢ =3 x 108 m/s and e = 1.6 x 1071 C. Sub-
stitute the values to get A = 589 nm =~ 600 nm.

28. Let |q1] =|g2| = |g3| = |q4| = ¢’. The forces
on q by q1, q2, q3, and ¢4 in all the four cases
(P, Q, R, S) are shown in the figure. Coulomb’s
law gives the magnitude of force by ¢; and ¢4
as @ @ a3 qa

(—2a,0) (—a,0) (a,0) (2a,0)

(0,b) 94

qq’

J2Y R | S—
YT dreo (b2 4a?)’

and that by g2 and q3 as

qq’
g | —
287 dmeo(b? + a?)

Thus, Fi 4 < Fy 3. See the figure for the direc-
tions of forces in four cases. Resolve the forces
in x and y directions and compare the magnitudes to get the answer.

29. From Newton’s law of gravitation, F' = GM.M,/r?, units of GM,M,
are same as that of Fr? which are kg m® s=2. Other units of Fr? are
energy-metre. One of the units of energy are coulomb-volt since U = ¢V'.
Thus, volt-coulomb-metre are also the units of Fr? and GM,M,.
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The internal energy of an ideal gas is 3nRT = 3(m/M)RT, which gives
the units of 3RT/M as energy-kg ™' i.e., m?s~2. The energy stored in
a capacitor, U = %CVQ, gives the units of energy as farad-volt®. Thus,
another units of 3RT/M are farad-volt* kg™

The force on a current carrying wire in a magnetic field, FF = IIB =
(q/t)IB, gives units of F?/(¢?B?) as m?s~2? which are same as farad-
volt? kg,

The gravitational potential energy, U = —GM,m/R., gives the units of
GM,./R, as energy-kg ™' which are same as m?s~2 and farad-volt® kg~

30. The electric force on a positive unit charge
placed at a point P is along the tangent to elec-
tric lines of force at P. The path of the particle
depends on the initial conditions (position, ve-
locity) and acceleration. In the given case, ini- o
tial position is Py(1,0), initial velocity is zero, 0
and initial acceleration is @ = ¢E/mj. Thus,

the particle starts moving in j direction. Let

the particle moves to a new position P; in a small time interval At¢. The
position of the particle after next At time interval will depend on the ve-
locity and acceleration at P;, which cannot be deduced from the given
information. Therefore, it cannot be concluded that the particle moves
along the given line of force.

)

31. The electric field due to a uniformly +Q

y
charged ring of radius R and charge @ at a point V‘N\L}z
P on its axis (see figure) is given by M
—q

_ 1 Qx ‘

E(z) = 7. ¢) © P

(z) dreq (R2 + 22)3/2 ! \/

Thus, force on a negative charge (—¢q) placed at
a distance x on the axis of the ring is

o 1 Qqz |
F(l‘) - _47T60 (R2 + :L.2)3/2 L

(1)

The force is restoring in nature but it is not proportional to x. Thus, the
motion of the particle is not SHM but periodic if « is large (x = 2R). The
readers are encouraged to show, for z < R, that equation (1) reduces to

F(z) = — [Q/(4meo R®)] w1, (2)

and the particle executes SHM with an angular frequency w =
@/ (dregmR3).

32. The magnitude of electric field between the two parallel plates of a
capacitor with potential difference V' is E = V/d, where d is the separation
between the plates. Hence, forces ¢E on two protons (of charge ¢) are same
irrespective of their locations within the capacitor.
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130 Part V. Electromagnetism

33. Let My be the mass of the neutral sphere, m be the mass of an electron
and —e be the charge on an electron. A sphere is given the positive charge @
by taking away n = /e electrons from it. Thus, the mass of the positively
charged sphere is Mpos = Mo —mn = My —m@Q/e. Another sphere is given
the negative charge —Q by putting n = Q/e electrons on it. Thus, the mass
of the negatively charged sphere is Myeg = Mo + mn = My + mQ/e. The
readers are encouraged to find the charges on the spheres if the difference
in their masses is 1 ug.

34. The high energy X-rays cause ejection of the photoelectrons from the
metal ball (photoelectric effect). Thus, the ball gets positively charged.
The positively charged ball is deflected in the direction of electric field.

35. The electrostatic field/force is conservative in nature. The work done
by a conservative force is independent of the path and depends only on the
end points. Note that the work done by a conservative force in a closed
path is always zero.

36. The forces on —q due to charges at 1 and
4 are equal and opposite (see figure). Also, 5 4
the forces on —¢ due to charges at 2 and 5
are equal and opposite. Thus, the net force on
—q is due to charge at 3 and its magnitude is

_ 1 ¢ _ 94>
F= 0 =9x10°%;.

Q
LS

37. The electric field is given by E = —%—‘;i — 9V 807]% = —8x 7. Substi-
tute 2 = 1 to get E at the point (1 m,0m,2m) ie., E = -8i.

38. The work done by the conservative forces
(electrostatic, gravitational, etc.) is indepen-
dent of the path i.e., it depends only on the
initial and final points. Thus, the work done by
the field along path P — Q — R — S is same as
the work done along the path P — T — S (see
figure). The work done by the field in moving a
charge ¢ along the path P — T — S is given by

s s T s
W:/ qu:—q/ E-dl:—q/ E~dl—q/ E-dl
P P P T

_ —q/bO(Ei)-(—dyj)—q/a(in)-(—dxi) :qE/ade: ~qEa.

Y _

Note that the potentials at the point S and P are related by Vp = Vg — Fa.

Aliter: The force on the charge is_,Fﬂ = qEi and its displacement is S =
s —7Fp =—at—>bj. Thus, W =F.S = (¢Fi)-(—ai—bj) = —qFa.
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39. In the state of weightlessness, the net force L L Q

on the charges are only due to Coulomb repul- 0 T
sion. The repulsion causes the two charges to

move farthest away from each other. In this position, the angle between
the two strings is 180° and separation between the two charges is r = 2L.
The forces acting on each charge are Coulomb force F' = Q?/(4mwegr?) =
Q?/(16megL?) and tension T. In equilibrium, T = Q?/(16meqL?).

40. The electric field is related to electric poten-
tial by E = —dV/dz. The potential difference
between the successive lines of constant poten-
tial is AV =10 V. The perpendicular distances
between successives lines at the point A and at
the point C' are almost equal but this distance is
smaller at the point B i.e., Az g = Axc > Axpg.
Hence, |EB| = AV/A.TB > AV/AJJA = ‘EA| =
|Ec|.

41. The force on the line BC due to surface ten-

sion is va (see figure). The electrostatic forces F A B 4512
on charge at B due to charges at A, D, and C
are along AB, DB, and CB, respectively. Thus, yt)
the total force on the charge at B due to other * re e
three charges is
1 [ & ¢ [i+] ° L
o A F F
F= d7eg [(12 * a2]+ 2a? ( V2 )]

~gaw 23 (55)

By symmetry, the magnitudes of force on the other three charges are same
as the magnitude of force on charge at B. The directions of these forces are
as shown in the figure. In equilibrium, the force due to surface tension (on
line BC) is equal and opposite to z-component of electrostatic force acting
on the charges placed at point B and C' i.e.,

(i {2+1/\f2],

=2Fcos45° = —
~va cos PP

which gives

[ G 1v8) B

42. The volume of liquid in a bubble of radius a and thickness ¢ is V}, =
dn((a+1)3—a®) =~ 4ma’t (since t < a). The volume of liquid in the droplet
of radius r is Vg = %71’7"3. Equate V, = Vy to get

r = (3a%t)1/3.
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The potential on a spherical shell of radius @ and charge q is V = ¢/(4mwepa).
Thus, charge on the bubble having potential V is ¢ = 4wepaV. The charge
conservation gives charge on the droplet as ¢ = 4wegaV. The potential on
the droplet is given by

Va

q dmegaV (a )1/3

T dmeor (3a2t)173 — \3t

43. Total energy of a dipole p’= p% when it is far away from the charge
q, is zero. Now, this dipole is placed in the electric field of charge q. The
electric field of charge ¢ and the potential energy of the dipole are given by
. 1 .
B = q . ap

= =1 U=—-p-E;,=— .
T Amegr? 7 1 4meqr?

The conservation of energy, K + U = 0, gives dipole kinetic energy as
K = —U = qp/(4meor?). The electric field at the origin by the dipole and
force on the charge ¢ are

= 2p o = 2pq
By = s, Fy=qB, = 215,
P dmeyr3 ¢ = 45 4dregrs
The readers are encouraged to find the force on p by differentiating its
potential energy, F, = —%. Apply Newton’s third law to find the force

on q.

44. In the given system, there are 3Cy = 28 pairs of charges. The charge
pairs on cube edges (twelve edges of length a each) have unlike charges.
The charge pairs on face-diagonals (six faces, two diagonals per face, twelve
face-diagonal of length v/2a each) have like charges. The charge pairs
on main-diagonals (four main-diagonal each with length v/3a) have unlike
charges. Thus, the potential energy of the system is

2 2 2 2
S PSP SR S Lo
47eq a V2a V3a dmeg a
The work done to disassemble the system is W = —U = i’ﬁff g.
45. Let ¢ = 1 uC be the charge and m = P
2 x 1072 kg be the mass of a particle moving in .
a circle of radius 7 = 0.8 m. The forces acting vp B
on the particle are its weight mg downward, ten- Tp
sion T radially inward, and electrostatic force mg
F, = ﬁ%ﬁ radially outward. Let vy and vp 1
be its velocities at the lowest point A and the r
highest point B (see figure). At B, the radially v
inward force provides the centripetal accelera- A
tion i.e.,
mg+ T — F, = mv%/r. (1)
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The electrostatic potential energies of the particle at A and B are same.
Using the conservation of mechanical energy between A and B, we get

mvy = tmuk 4 2mgr. (2)

1
2 2

Eliminate vp from equations (1) and (2) to get
v4 = 5rg/m +rTg/m — rF./m. (3)

Velocity v4 is minimum when T = 0 (since T > 0). Substitute T = 0
in equation (3) to get the minimum value of vy4 as

Fe 1/2 1 2\1/2
va = <5rg - r> = <5gr - q) . (4)
m 4dmweg mr

Substitute the values of ¢, m, r, and g in equation (4) to get v4 = 5.86 m/s.
The readers are encouraged to analyse the problem if F, > mg.

46. Given ¢ = 1uC =107°9C, Q = 8uC =

Y
8x107°C, g9 = 01uC = 1077C, m = 303 +0Q
6 x 107* kg and a = \/3/2 m. Consider a point al
P at a distance z from the origin. The potential ufv
at P due to given charge distribution is —at—q vom
V(z) = — .
dmeg [Va2 +9a2 Va2 +a? Vi---—= ‘
%
The potential varies with x and attains its maxi- L z

mum at zq (see figure). The V(z) becomes max-
imum when

dv(z) zx[ Q g }:0.

(22 +9a2)3/2 (22 4 a?)3/2

dx - 47eg

(1)

Substitute @ = 8¢ in equation (1) and solve to get g = /5/3 a = \/5/2 m.
The potential at zq is Vo = V(zg) = 2.7 x 10* V. The kinetic energy of
charge gp at * = oo should be sufficient to cross the potential barrier V;,

%mv%quVm = vy =+2qVo/m =3m/s.
The potential energy of gp at the origin is

_ 1 |2Qq _ 299
dmeg | 3a a

} =24x1072J.

Let K be the kinetic energy of ¢g at the origin. The conservation of energy,
smvg = K 4+ U, gives

K=1mvg—-U=3x10""1J.
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47. Consider a ring of radius r and width dr. Q
The charge on the ring is dg = 27rodr, where
o is the surface charge density of the ring. The
potential due to the ring at a point P located at Hip,
a height h on the axis of the disc is (see figure)

O T
1 2wordr
dV = _—.
4meg \/r2 + h2 g

2mga

Integrate dV from » = 0 to » = a to get the
potential due to the complete disc VAmga

\/a2+h2—h}. a/V3 h

7 {
260
Thus, the potentials at O and @ are given by

Vo= oo Vo = —[va> + H? - H].

N 2607 260
For the particle to just reach O, decrease in its gravitational potential

energy should be equal to the increase in its electrostatic potential energy
ie.,

mgH = q(Vo — Vo) = 57" o+ H = Vo + 12]. (1)
0
Substitute ¢/m = 4egg/o in equation (1) to get

va?+ H?=a+ H/2, which gives, H =4a/3.

Total potential energy (U) of the particle at point P is the sum of its
gravitational and electrostatic potential energies i.e.,

U:mgh—i—%[\/cﬁ—l—hg—h] :mg[Z a2+h2—h].
0

The potential energy attains extremum at the equilibrium position i.e.,

aw_ 12
an ="\ VxR T

which gives hpin = a/ V3 and Upin = \/gmga. The figure shows the
variation of U with height h. Note that the equilibrium is stable (i.e.,
d2U/dh? > 0).
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48. The charge on the ring is @ = 27 RA. The Uy
potential at a point (x,0,0) on the axis of the
ring is given by

Thus, the potentials at the point O(0,0,0) and

P(RV/3,0,0) are T\
1 Q 1 Q

© dmeg R’ P 4meg 2R

The potential increases monotonically from P to O and attains its maxi-
mum value at 0. The particle will not come back to P if it just crosses O.
The energy required by a particle of charge ¢ to reach potential Vi from
potential Vp is ¢(Vo — Vp). Thus,

L 4@ _ ad
dmeg 2R 4dep’
which gives v = y/g\/(2egm).

49. The electric field inside and outside of a uniformly charged sphere
having a charge @ and radius R is given by

1
§m112 =q(Vo —Vp) =

_Qr _ ifr < R:
B(r)={ g™
W7 1 T>R

The energy density (energy per unit volume) in space, having an electric
field E, is given by %60E2. Let us calculate the electrostatic potential
energy stored inside and outside the sphere separately.

Take a spherical shell of radius r and thickness dr inside the sphere. The
potential energy of this shell is

Q2

4
dr.
87T60R6r "

1
dU; = 560E2(47T7“2d7“) =
Integrate dU; from r =0 to r = R to get

2 R 2
U, = @ / ridr = @ .
8meo RS J, 40meg R

Similarly, the potential energy stored in a spherical shell of radius r and
thickness dr outside the sphere is

Q* dar

Smeg 12’

1
dU; = §€0E2(47T7‘2d7“) =
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Integrate from r = R to r = oo to get the potential energy stored outside
the sphere as

U — Q? /‘x’dr Q?

2 = — = .
8mep Jp 12 8meoR

Total potential energy is U = Uy + Uy = %.

In case of a spherical conductor, the electric field inside the conductor is
zero giving Uy = 0. The field and energy outside the conductor are

Q Q?
—_— U p— U P .
dmegr?’ 2 8megR

The readers are encouraged to compare this with the potential energy of a
spherical capacitor of radius R and charge Q.

Many results from electrostatics can be directly used in gravitation by
replacing charge @ by mass M and constant 1/(4meg) by universal gravita-
tional constant G. Thus, gravitational potential energy of a sphere of mass
M and radius R is U = —%GTMZ (negative because gravitational forces are
always attractive). Hence, energy required to completely disassemble the

sphere is

3GM2  3GM 3

E=-U="2 =25 MR = SoMR
5 R 5 R? 57

3

= g(9.8)(2.5 x 10*1) = 1.5 x 10** J.

50. The net electric potential at the point P(z,y) due to the charge —2Q
located at (—3a,0) and the charge @ located at (3a,0) is given by

Q 1 2
dmeo | \/(z —3a)2 +y2  /(x+3a)2+ 12 -

The potential is zero when \/(w_;a)2+y2 — \/(z+32a)2+y2’ which simplifies
to (x — 5a)? +y? = (4a)?. This is the equation of a circle of radius 4a and

centre (5a,0).

y, V.

<

The potential on the x axis is given by

V(z) ¢ ( 2 1 > (1)

" dreo |z +3al |z — 3a

i9a
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The modulus function is defined as |z| = —z if # < 0 and |z| = z if x > 0.
Using definition of modulus function, we can write equation (1) as

Q 2 1 ) '
4meg \ 3a+x + Ja—z | if x < —Sa’
= =2 1 . .
V(z) = 47960 o730 T 30— ) i —3a <z <3 2)
Q —2 1 .
4dmeg \ z+3a + 7—3a )’ if z > 3a.

It can be seen from equation (2) that V' — —oo as © — —3a and V — oo
as  — 3a. The potential is zero at © = a and at = 9a (see figure).
The potential at the centre of circle (x = 5a) is

Q (-2 1 Q
V — —_— Pr— —
4mey \ Sa + 2a 167mega’

which has a positive value. The potential at the circumference of the circle
is zero. A positive charge moves from a higher potential to a lower potential.
By conservation of energy, decrease in the potential energy is equal to
increase in kinetic energy i.e.,

1mv2 = 4Q ,  which gives v = 1/&.
2 16mega 8megma

51. Coulomb’s force gF acts on each charge as

+

shown in the figure. The torque of these forces M j ?E
about the point O is in clockwise direction and 5~ &sin f
is given by gsmj./o E

T=qE(L/2)sinf + qFE(L/2)sind gBTZM

=¢gELsing. (1)
The torque 7 is related to the angular acceleration a = —d?6/dt? (note
that the torque is restoring in nature) by Ia = 7 i.e.,
d?0 . .
—I i gELsinf ~ qELY, (" sin @ = 6 for small 0), (2)

where I is the moment of inertia of the rod (along with the two particles
of mass M each) about an axis passing through O. As the rod is massless,
the total moment of inertia is given by I = M(L/2)?+ M(L/2)* = { M L?.
Substitute it in equation (2) to get

d29 2qF 9

S ST — 2. 3

a2 - ML ®)

2qF

The equation (3) represents a SHM with an angular frequency w = /347

and the time period

27 ML
T=—=2 —. 4
w W\/ 2qF )

The minimum time for the rod to become parallel to the field is tyi, = 7/4.
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52. Let the three charged particles, each of
charge ¢, be located at the three corners of an
equilateral triangle of side @ = 3 cm in the hor-
izontal plane. The distance of the charges from
the centroid O is r. Apply law of cosines in
AOBC to get

r=a/V3=13cm. (1) ©

F sin 30°

o
Y
2F cos 30°

F sin 30°

Consider the electrostatic force on the charge at A due to the charges at B
and C. The magnitude of forces due to each charge is

2

Fl= 1 (2)

4dmepa?’

and their directions are as shown in the figure. Resolve F along and per-
pendicular to AO. The resultant electrostatic force on charge at A is given
by

L 3>
F,=2Fcos30° = V34 7.
4mega?

The charges are connected with strings of length
I = 100 cm. Let the other end of each string is
hanging from the point P, which is vertically
above O (see figure). In AOAP,

ro V3
ViZ —r2 V1002 — 3

tanf = =0.017.

The forces on the charge at A are F,, tension T,
and weight mg (see figure). Resolve T in hori-
zontal and vertical directions. The equilibrium
condition on charge at A gives

V3q?

4dmega?’
T cos§ = mg. (5)

Tsinf =F, =

Divide equation (4) by (5) and simplify to get

1/2

B [47Teoa2mgtan9r/2 B [(0.03)2(103)(10)(0.017)
B V3 B 9 x 10%(1.73)
=3.17x107? C.
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53. The potential energy of two charges ¢1 and o,
q2, separated by a distance r, is given by U =
q1G2/(4mepr). For the potential energy of the ! 9_u

given system to be minimum, the charges of the

larger magnitude should be placed at the extreme positions (see figure).
Let the charge ¢ be placed at a distance x from the charge 2¢q. The total
potential energy of the given system is

1 {(211)(811) N (29)(q) n (Q)(SQ)}

_
Ly

" dweg 9 T 9—=x
2
q 8§ 1 4
= =+ — . 1
2meg {9+x+9—m] )

The value of z for which potential energy is minimum is given by dU/dz = 0

ie.,

dUu q° 1 4

—_— = -+ ——7|=0. 2

de  2mep { 27 (9—;10)2} @
Solve equation (2) to get x = 3. Note that another solution, = —9, is not
acceptable.
The electric field at the position of ¢ due to the other two charges is

- 1 2q 8q . q 2 8 .=

E= — - = — — — | 1=0.

4meg L:Q (9- .Z‘)2:| ! dmep | (3)2 (9 —3)2 !

Note that the force on the charge q is given by F= qE = —dU/dzi. The
charge ¢ is placed at the position of a stable equilibrium.

54. Let the farthest point D be at a distance

rop from O. The velocity of negative charge Ajrfl
at D is vy = 0 (because the charge changes 314 p—
its direction of motion at D). From geometry, 15 7rop O 4m
rac = rBCc = V32+42 = 5m. The electro- SmL_
static potential energies of the negative charge Bl
at C and D are
Ve — — q? [1 1} _ 209 x10%)(5 x 107%)? e
dmeg |TAC  TBC 5
2
Up =4 [1+1] __% g
dmeo [TAD  TBD TAD

The kinetic energy of the negative charge at C is K¢ = 4 J and at D is
Kp = %mvﬁ = 0. Apply conservation of mechanical energy, Ko + Ug =
Kp + Up, to get rap = 45/5 = 9 m. Pythagoras theorem in AAOD gives

rop = \/TAp — o = V92 — 32 =72 =848 m.
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55. A positive charge Q = 107° C is uniformly +0Q
distributed over a ring of radius » = 1 m. The
negative charge on the particle is ¢ = 1076 C
and its mass is m = 0.9 g. Let the particle be
placed at a distance x from the centre of the
ring. Apply Coulomb’s law to show that the
electrostatic force acting on the particle is

Qe
dmeg(r? + x2)3/2
Qg .

~— xi.
4dregrs

Qqzx .

_47r607”3(]- ¥ x2/7“2)3/2 ?

ﬁ: i:

[‘.'(1—|—a:2/r2)3/2 ~ 1 for x < r]. (1)

The restoring force Fis proportional to the displacement from the centre
of motion. Thus, the particle executes SHM. Apply Newton’s second law
on the particle to get its equation of motion

d2x Qq

2
. S 2
dt2 47T€()m7"3x i ( )

where w is the angular frequency of SHM. The time period of oscillations
is given by

2 4 3
7= =T _ g, | ETC0mT
w Qq

B (0.9x107%)(1)3
= 2(3.14)\/(9 X 107 (10°5) (10-5) — 0.628 s.

Note that the motion of the particle is periodic but not SHM, if x < r.

56. The electric force on a charge particle is tangential to the electric lines
of forces. However, if the initial velocity of the particle makes an angle
with the direction of force, the particle moves in a curved path e.g., particle
moves perpendicular to the force in the uniform circular motion.

57. The ball of mass m = 80 mg and charge
g = 2x 1078 C is placed in a horizontal uni-
form electric field E = 20000 V/m. Let T be
the tension in the thread and 6 be the angle it
makes with the vertical (see figure). Resolve T
in the horizontal and the vertical directions. In
equilibrium, net force on the ball is zero i.e.,

T sin 0

mg
T'sinf = qF, (1)
T cos @ = mg. (2)
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Solve equations (1) and (2) to get

_, (2 x 107%)(20000)
(80 x 1079)(9.8)

T =+/(qE)? + (mg)? = \/(2 x 107% x 20000)2 + (80 x 107° x 9.8)2
=88 x107* N.

—27°,

E
6 = tan"" @« _ tan
mg

58. The forces acting on the charge ¢ are its weight mg, normal reaction
Ni, string tension T and Coulomb’s force F, = qiqo/(4meol?). Similarly,
forces on the charge go are its weight mg, normal reaction Ns, string tension
T and Coulomb’s force F, = q1q2/(4megl?).

The forces are shown in the figure. In triangle ABC, ZA = 90°. Resolve
the forces on ¢; and g5 in the directions parallel and perpendicular to the
sides of the frame. Balance the forces on ¢; to get

Ny + F.sina = mgcos 30° + T'sin v, (1)
F, cosa+mgsin30° =T cosa, (2)

and on ¢y to get

N5 + F, cos a = mg cos 60° + T cos a, (3)
F,sina + mgsin60° = T'sin . 4)

Solve equations (2) and (4) to get a = 60° and T' = mg + F,. Substitute
these values in equations (1) and (3) to get Ny = v/3mg and Ny = myg.
The tension becomes zero when the cord is cut. Substitute T = 0 to get
F, = —mgi.e., qiqo = —4megl®myg.
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