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. Chapter One

— ELECTRIC CHARGES——
AND FIELDS

SUMMARY

1. Electric and magnetic forces determine the properties of atoms,
molecules and bulk matter.

2. From simple experiments on frictional electricity, one can infer that
there are two types of charges in nature; and that like charges repel
and unlike charges attract. By convention, the charge on a glass rod
rubbed with silk is positive; that on a plastic rod rubbed with fur is
then negative.

3. Conductors allow movement of electric charge through them, insulators
do not. In metals, the mobile charges are electrons; in electrolytes
both positive and negative ions are mobile.

4. Electric charge has three basic properties: quantisation, additivity
and conservation.

Quantisation of electric charge means that total charge (g) of a body
is always an integral multiple of a basic quantum of charge (e) i.e.,
q=ne, where n=0, =1, +2, +3, .... Proton and electron have charges
+e, —e, respectively. For macroscopic charges for which nis a very large
number, quantisation of charge can be ignored.

Additivity of electric charges means that the total charge of a system
is the algebraic sum (i.e., the sum taking into account proper signs)
of all individual charges in the system.
Conservation of electric charges means that the total charge of an
isolated system remains unchanged with time. This means that when
bodies are charged through friction, there is a transfer of electric charge
from one body to another, but no creation or destruction of charge.
5. Coulomb’s Law: The mutual electrostatic force between two point
charges g, and g, is proportional to the product q,q, and inversely
proportional to the square of the distance r,, separating them.

Mathematically,
k (@g,) .
F,, = force on g, due to ¢, = % T,
21
a 1
where I,, is a unit vector in the direction from g, to g, and k = Ine
0

is the constant of proportionality.
In SI units, the unit of charge is coulomb. The experimental value of
the constant ¢ is
£,=8.854x 10" C*N"' m™
The approximate value of k is
k=9 x10°Nm*C?
6. The ratio of electric force and gravitational force between a proton
and an electron is

k e*

———— =24 x 10%
G mm,

7. Superposition Principle: The principle is based on the property that the
forces with which two charges attract or repel each other are not
affected by the presence of a third (or more) additional charge(s). For
an assembly of charges q,, g,, g, ..., the force on any charge, say q,, is
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the vector sum of the force on g, due to g,, the force on g, due to g,
and so on. For each pair, the force is given by the Coulomb’s law for
two charges stated earlier.

The electric field E at a point due to a charge configuration is the
force on a small positive test charge g placed at the point divided by
the magnitude of the charge. Electric field due to a point charge g has
amagnitude |q|/4ne,r? it is radially outwards from g, if g is positive,
and radially inwards if q is negative. Like Coulomb force, electric field
also satisfies superposition principle.

An electric field line is a curve drawn in such a way that the tangent
at each point on the curve gives the direction of electric field at that
point. The relative closeness of field lines indicates the relative strength
of electric field at different points; they crowd near each other in regions
of strong electric field and are far apart where the electric field is
weak. In regions of constant electric field, the field lines are uniformly
spaced parallel straight lines.

Some of the important properties of field lines are: (i) Field lines are
continuous curves without any breaks. (ii) Two field lines cannot cross
each other. (iii) Electrostatic field lines start at positive charges and
end at negative charges —they cannot form closed loops.

An electric dipole is a pair of equal and opposite charges g and —q
separated by some distance 2a. Its dipole moment vector p has
magnitude 2qga and is in the direction of the dipole axis from -q to q.
Field of an electric dipole in its equatorial plane (i.e., the plane
perpendicular to its axis and passing through its centre) at a distance
r from the centre:

__P 1
4 e, (a®+r7)"?
;4_1)3, forr>>a
e, T

Dipole electric field on the axis at a distance r from the centre:

B 2pr
4 ngy(r® - a®)?
= Tror® ::rs for r>>a
0

The 1/r° dependence of dipole electric fields should be noted in contrast
to the 1/r* dependence of electric field due to a point charge.

In a uniform electric field E, a dipole experiences a torque ¢ given by
t=pxE
but experiences no net force.
The flux A¢ of electric field E through a small area element AS is
given by
A¢ =E-AS
The vector area element AS is
AS =AS n

where AS is the magnitude of the area element and R is normal to the
area element, which can be considered planar for sufficiently small AS.
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For an area element of a closed surface, R is taken to be the direction
of outward normal, by convention.

. Gauss’s law: The flux of electric field through any closed surface S is

1/¢,times the total charge enclosed by S. The law is especially useful
in determining electric field E, when the source distribution has simple
symmetry:
(i) Thin infinitely long straight wire of uniform linear charge density A
i N
n
2ng, T

E-=

where r is the perpendicular distance of the point from the wire and

nis the radial unit vector in the plane normal to the wire passing
through the point.

(ii) Infinite thin plane sheet of uniform surface charge density o

[

E= n
2 ¢,

where 0 is a unit vector normal to the plane, outward on either side.
(iii) Thin spherical shell of uniform surface charge density ¢

q -
— T
4 g, 1°
E=0 (r < R)

E-= r > R

where ris the distance of the point from the centre of the shell and R
the radius of the shell. g is the total charge of the shell: q = 47R%.
The electric field outside the shell is as though the total charge is
concentrated at the centre. The same result is true for a solid sphere
of uniform volume charge density. The field is zero at all points inside
the shell

Physical quantity Symbol Dimensions Unit Remarks

AS
E
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and Fields

POINTS TO PONDER

You might wonder why the protons, all carrying positive charges, are
compactly residing inside the nucleus. Why do they not fly away? You
will learn that there is a third kind of a fundamental force, called the
strong force which holds them together. The ran%e of distance where
this force is effective is, however, very small ~10'* m. This is precisely
the size of the nucleus. Also the electrons are not allowed to sit on
top of the protons, i.e. inside the nucleus, due to the laws of quantum
mechanics. This gives the atoms their structure as they exist in nature.
Coulomb force and gravitational force follow the same inverse-square
law. But gravitational force has only one sign (always attractive), while
Coulomb force can be of both signs (attractive and repulsive), allowing
possibility of cancellation of electric forces. This is how gravity, despite
being a much weaker force, can be a dominating and more pervasive
force in nature.

The constant of proportionality k in Coulomb’s law is a matter of
choice if the unit of charge is to be defined using Coulomb’s law. In SI
units, however, what is defined is the unit of current (A) via its magnetic
effect (Ampere’s law) and the unit of charge (coulomb) is simply defined
by (1C = 1 A s). In this case, the value of k is no longer arbitrary; it is
approximately 9 x 10° N m? C™2.

The rather large value of k, i.e., the large size of the unit of charge
(1C) from the point of view of electric effects arises because (as
mentioned in point 3 already) the unit of charge is defined in terms of
magnetic forces (forces on current-carrying wires) which are generally
much weaker than the electric forces. Thus while 1 ampere is a unit
of reasonable size for magnetic effects, 1 C = 1 A s, is too big a unit for
electric effects.

The additive property of charge is not an ‘obvious’ property. It is related
to the fact that electric charge has no direction associated with it;
charge is a scalar.

Charge is not only a scalar (or invariant) under rotation; it is also
invariant for frames of reference in relative motion. This is not always
true for every scalar. For example, kinetic energy is a scalar under
rotation, but is not invariant for frames of reference in relative
motion.

Conservation of total charge of an isolated system is a property
independent of the scalar nature of charge noted in point 6.
Conservation refers to invariance in time in a given frame of reference.
A quantity may be scalar but not conserved (like kinetic energy in an
inelastic collision). On the other hand, one can have conserved vector
quantity (e.g., angular momentum of an isolated system).

Quantisation of electric charge is a basic (unexplained) law of nature;
interestingly, there is no analogous law on quantisation of mass.

Superposition principle should not be regarded as ‘obvious’, or equated
with the law of addition of vectors. It says two things: force on one
charge due to another charge is unaffected by the presence of other
charges, and there are no additional three-body, four-body, etc., forces
which arise only when there are more than two charges.

. The electric field due to a discrete charge configuration is not defined

at the locations of the discrete charges. For continuous volume charge
distribution, it is defined at any point in the distribution. For a surface
charge distribution, electric field is discontinuous across the surface.
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1.4

1.5

1.6

1.7

1.8

1.9

The electric field due to a charge configuration with total charge zero
is not zero; but for distances large compared to the size of
the configuration, its field falls off faster than 1/r? typical of field
due to a single charge. An electric dipole is the simplest example of
this fact.

EXERCISES

What is the force between two small charged spheres having

charges of 2 x 107C and 3 x 107C placed 30 cm apart in air?

The electrostatic force on a small sphere of charge 0.4 pC due to

another small sphere of charge —0.8 uC in air is 0.2 N. (a) What is

the distance between the two spheres? (b) What is the force on the

second sphere due to the first?

Check that the ratio ke?/G mm, is dimensionless. Look up a Table

of Physical Constants and determine the value of this ratio. What

does the ratio signify?

(a) Explain the meaning of the statement ‘electric charge of a body
is quantised’.

(b) Why can one ignore quantisation of electric charge when dealing
with macroscopic i.e., large scale charges?

When a glass rod is rubbed with a silk cloth, charges appear on

both. A similar phenomenon is observed with many other pairs of

bodies. Explain how this observation is consistent with the law of

conservation of charge.

Four point charges q, =2 uC, g5 = -5 uC, q. =2 pC, and g, = -5 uC are

located at the corners of a square ABCD of side 10 cm. What is the

force on a charge of 1 uC placed at the centre of the square?

(a) An electrostatic field line is a continuous curve. That is, a field
line cannot have sudden breaks. Why not?

(b) Explain why two field lines never cross each other at any point?

Two point charges g, = 3 uC and gy = -3 uC are located 20 cm apart

in vacuum.

(a) What is the electric field at the midpoint O of the line AB joining
the two charges?

(b) If a negative test charge of magnitude 1.5 x 10 C is placed at
this point, what is the force experienced by the test charge?

A system has two charges g, = 2.5 x 107 Cand g, = -2.5x 107 C

located at points A: (0, 0, -15 cm) and B: (0,0, +15 cm), respectively.

What are the total charge and electric dipole moment of the system?

An electric dipole with dipole moment 4 x 10 C m is aligned at 30°

with the direction of a uniform electric field of magnitude 5 x 10* NC™.

Calculate the magnitude of the torque acting on the dipole.

A polythene piece rubbed with wool is found to have a negative

charge of 3 x 107 C.

(a) Estimate the number of electrons transferred (from which to
which?)

(b) Is there a transfer of mass from wool to polythene?

(a) Two insulated charged copper spheres A and B have their centres
separated by a distance of 50 cm. What is the mutual force of
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electrostatic repulsion if the charge on each is 6.5 x 107 C? The
radii of A and B are negligible compared to the distance of
separation.
(b) What is the force of repulsion if each sphere is charged double
the above amount, and the distance between them is halved?
Suppose the spheres A and B in Exercise 1.12 have identical sizes.
A third sphere of the same size but uncharged is brought in contact
with the first, then brought in contact with the second, and finally
removed from both. What is the new force of repulsion between A
and B?
Figure 1.33 shows tracks of three charged particles in a uniform
electrostatic field. Give the signs of the three charges. Which particle
has the highest charge to mass ratio?

FIGURE 1.33

Consider a uniform electric field E = 3 x 10° i N/C. (a) What is the
flux of this field through a square of 10 cm on a side whose plane is
parallel to the yz plane? (b) What is the flux through the same
square if the normal to its plane makes a 60° angle with the x-axis?
What is the net flux of the uniform electric field of Exercise 1.15
through a cube of side 20 c¢cm oriented so that its faces are parallel
to the coordinate planes?

Careful measurement of the electric field at the surface of a black
box indicates that the net outward flux through the surface of the
box is 8.0 x 10° Nm?/C. (a) What is the net charge inside the box?
(b) If the net outward flux through the surface of the box were zero,
could you conclude that there were no charges inside the box? Why
or Why not?

A point charge +10 uC is a distance 5 cm directly above the centre
of a square of side 10 cm, as shown in Fig. 1.34. What is the
magnitude of the electric flux through the square? (Hint: Think of
the square as one face of a cube with edge 10 cm.)

5cm

IoCm

10 cm

FIGURE 1.34
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A point charge of 2.0 uC is at the centre of a cubic Gaussian
surface 9.0 cm on edge. What is the net electric flux through the
surface?

A point charge causes an electric flux of -1.0 x 10° Nm?/C to pass
through a spherical Gaussian surface of 10.0 cm radius centred on
the charge. (a) If the radius of the Gaussian surface were doubled,
how much flux would pass through the surface? (b) What is the
value of the point charge?

A conducting sphere of radius 10 cm has an unknown charge. If
the electric field 20 cm from the centre of the sphere is 1.5 x 10° N/C
and points radially inward, what is the net charge on the sphere?

A uniformly charged conducting sphere of 2.4 m diameter has a
surface charge density of 80.0 pC/mZ. (a) Find the charge on the
sphere. (b) What is the total electric flux leaving the surface of the
sphere?

An infinite line charge produces a field of 9 x 10* N/C at a distance
of 2 cm. Calculate the linear charge density.

Two large, thin metal plates are parallel and close to each other. On
their inner faces, the plates have surface charge densities of opposite
signs and of magnitude 17.0 x 10%* C/m? What is E: (a) in the outer
region of the first plate, (b) in the outer region of the second plate,
and (c) between the plates?

ADDITIONAL EXERCISES

An oil drop of 12 excess electrons is held stationary under a constant
electric field of 2.55 x 10* NC™' in Millikan’s oil drop experiment. The
density of the oil is 1.26 g cm™. Estimate the radius of the drop.
(g=9.81ms?% e=1.60x 1079 C).

Which among the curves shown in Fig. 1.35 cannot possibly
represent electrostatic field lines?

(c)
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[CY (e)
FIGURE 1.35

1.27 In a certain region of space, electric field is along the z-direction
throughout. The magnitude of electric field is, however, not constant
but increases uniformly along the positive z-direction, at the rate of
10° NC™! per metre. What are the force and torque experienced by a
system having a total dipole moment equal to 10~ Cm in the negative
z-direction ?

1.28 (a) A conductor A with a cavity as shown in Fig. 1.36(a) is given a
charge Q. Show that the entire charge must appear on the outer
surface of the conductor. (b) Another conductor B with charge q is
inserted into the cavity keeping B insulated from A. Show that the
total charge on the outside surface of A is Q + g [Fig. 1.36(b)]. (c) A
sensitive instrument is to be shielded from the strong electrostatic
fields in its environment. Suggest a possible way.

9

(@) (b)
FIGURE 1.36

1.29 A hollow charged conductor has a tiny hole cut into its surface.

Show that the electric field in the hole is (6/2¢) fi, where A is the
unit vector in the outward normal direction, and o is the surface
charge density near the hole.

1.30 Obtain the formula for the electric field due to a long thin wire of
uniform linear charge density 1 without using Gauss’s law. [Hint:
Use Coulomb’s law directly and evaluate the necessary integral.]

1.31 It is now believed that protons and neutrons (which constitute nuclei
of ordinary matter) are themselves built out of more elementary units
called quarks. A proton and a neutron consist of three quarks each.
Two types of quarks, the so called ‘up’ quark (denoted by u) of charge
+ (2/3) e, and the ‘down’ quark (denoted by d) of charge (-1/3) e,
together with electrons build up ordinary matter. (Quarks of other
types have also been found which give rise to different unusual
varieties of matter.) Suggest a possible quark composition of a
proton and neutron.
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1.32

1.33

1.34

(a) Consider an arbitrary electrostatic field configuration. A small
test charge is placed at a null point (i.e., where E = 0) of the
configuration. Show that the equilibrium of the test charge is
necessarily unstable.

(b) Verify this result for the simple configuration of two charges of
the same magnitude and sign placed a certain distance apart.

A particle of mass m and charge (-g) enters the region between the
two charged plates initially moving along x-axis with speed v, (like
particle 1 in Fig. 1.33). The length of plate is L and an uniform
electric field E is maintained between the plates. Show that the
vertical deflection of the particle at the far edge of the plate is
qELZ/ 2m vxz).

Compare this motion with motion of a projectile in gravitational field
discussed in Section 4.10 of Class XI Textbook of Physics.

Suppose that the particle in Exercise in 1.33 is an electron projected
with velocity v, = 2.0 x 10° m s!. If E between the plates separated
by 0.5 cm is 9.1 x 10> N/C, where will the electron strike the upper
plate? (Je|=1.6 x 10° C, m, = 9.1 x 10°' kg.)
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Multiple Choice Questions (MCQs)

In figure two positive charges q, and q fixed
along the y-axis, exert a net electric force in the +
x-direction on a charge q, fixed along the x-axis.
Ifapositive charge Q is added at (x, 0), the force

on q,

(@) shall increase along the positive

X-axis

(b) shall decrease along the positive

X-axis
(c) shall point along the negative x-axis

(d) shall increase but the direction changes
because of the intersection of Q with g,

and ¢

A point positive charge is brought near an
isolated conducting sphere (figure). The electric

field is best given by

+q Fq

at
g

(@) (b) (© (d)

The electric flux through the surface

(iii) (iv)
(a) 1in Fig. (iv) is the largest
(b) inFig. (ii1) is the least
(c) inFig. (i1) is same as Fig. (iii) but is smaller
than Fig. (iv)
(d) isthe same for all the figures
Five charges q;, q,, 93,44, and g are fixed at
their positions as shown in Figure, S is a
Gaussian surface. The Gauss’ law is given by

I E.dS = L. Which ofthe following statements
80

S

is correct?

*q,

*qds °q,

(a) E on the LHS of the above equation will
have a contribution from q,, qs and q;, q5
and q3 while q on the RHS will have a
contribution from q, and q, only

(b) E on the LHS of the above equation will
have a contribution from all charges while
q on the RHS will have a contribution from
q, and q, only

(c) E on the LHS of the above equation will
have a contribution from all charges while
q on the RHS will have a contribution from
q,, q3 and qs.

(d) Both E on the LHS and q on the RHS will
have contributions from q, and q, only

Figure shows electric field lines in which an

electric dipole P is placed as shown. Which of

the following statements is correct?
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(a) Thedipole will not experience any force

(b) The dipole will experience a force towards
right

(c) Thedipole will experience a force towards
left

(d) The dipole will experience a force upwards

A point charge + q is placed at a distance d from

an isolated conducting plane. The field at a point

P on the other side of the plane is

(a) directed perpendicular to the plane and
away from the plane

(b) directed perpendicular to the plane but
towards the plane

(c) directed radially away from the point charge

(d) directed radially towards the point charge.

Ahemisphere is uniformely charged positively.

The electric field at a point on a diameter away

from the centre is directed

(a) perpendicular to the diameter

(b) parallel to the diameter

(c) atan angle tilted towards the diameter

(d) atan angletilted away from the diameter

If there were only one type of charge in the
universe, then

(a) (.:PE.dS # (0 on any surface

(b) CfE.dSzO if the charge is outside the

surface

(c) <}3 E.dS could not be defined

(d) <Ef EdS= gi if charges of magnitude q were
s 0
inside the surface
Consider a region inside which there are various
types of charges but the total charge is zero. At
points outside the region,
(a) theelectric field is necessarily zero
(b) the electric field is due to the dipole moment
of the charge distribution only

(c) the dominant electric field is oc L , for large
L

1, wherer is the distance from a origin in this
regions

(d) the work done to move a charged particle
along a closed path, away from the region,
will be zero

Refer to the arrangement of charges in figure

Multiple Choice Questions (MCQs)

. and a Gaussian surface of radius R with Q at the
(More than one option correct)

centre. Then,

Gaussian surface

1. If IE.dS =0 over a surface, then

(a) theelectric field inside the surface and on it TN
is zero ! \\
(b) the electric field inside the surface is k—R>/ Q R}
necessarily uniform 5 |\ R2 I ]
(c) the number of flux lines entering the surface \\\ —29/’

must be equal to the number of flux lines
leaving it
(d) all charges must necessarily be outside the
surface
The electric field at a point is
(a) always continuous
(b) continuous if there is no charge at that point
(c) discontinuous only if there is a negative
charge at that point
(d) discontinuous if there is a charge at that
point

S———

(a) total flux through the surface of the sphere

is —
80

(b) field on the surface of the sphere is

4me R’

(c) flux through the surface of sphere due to 5Q
is zero

(d) field on the surface of sphere due to —2Q is
same everywhere
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A positive charge Q is uniformly distributed along
a circular ring of radius R. A small test charge q
is placed at the centre of the ring figure. Then,

x + +
X *XQ

x*+++*

(a) ifq>0andis displaced away from the centre
in the plane of the ring, it will be pushed
back towards the centre

(b) ifq<0andis displaced away from the centre
in the plane of the ring, it will never return to
the centre and will continue moving till it
hits the ring

(c) if q <0, it will perform SHM for small
displacement along the axis

(d) q at the centre of the ring is in an unstable
equilibrium within the plane of the ring for
q>0

Very Short Answer Questions

1.

2.

An arbitrary surface encloses a dipole. What is
the electric flux through this surface?

A metallic spherical shell has an inner radius R
and outer radius R,. A charge Q is placed at the
centre of the spherical cavity. What will be
surface charge density on

(1) theinner surface

(i) the outer surface?

The dimensions of an atom are of the order of an
Angstrom. Thus, there must be large electric
fields between the protons and electrons. Why,
then is the electrostatic field inside a conductor
zero?

Ifthe total charge enclosed by a surface is zero,
does it imply that the elecric field everywhere
on the surface is zero? Conversely, if the electric
field everywhere on a surface is zero, does it
imply that net charge inside is zero.

Sketch the electric field lines for a uniformly
charged hollow cylinder shown in figure.

A+
A+

What will be the total flux through the faces of
the cube as given in the figure with side of length
aifa charge q is placed at?

C

D

B

A
(a) A a corner ofthe cube
(b) B mid-point of an edge of the cube
(c¢) C centre of a face of the cube
(d) D mid-pointof Band C

Short Answer Questions

A paisa coin is made up of Al-Mg alloy and
weight 0.75g. It has a square shape and its
diagonal measures 17 mm. Itis electrically neutral
and contains equal amounts of positive and
negative charges.

Consider a coin of Question 20. It is electrically
neutral and contains equal amounts of positive
and negative charge of magnitude 34.8 kC
Suppose that these equal charges were
concentrated in two point charges separated by

1
@@ lem(~ 5 x diagonal of the one paisa coin)

(i) 100 m (~length ofa long building)

(iify 106 m (radius of the earth). Find the force

on each such point charge in each of the three

cases. What do you conclude from these

results?

Figure represents a crystal unit of cesium

chloride, CsCl The cesium atoms, represented

by open circles are situated at the corners of a

cube of side 0.40nm, whereas a Cl atom is situated

at the centre of the cube. The Cs atoms are

deficient in one electron while the Cl atom carries

an excess electron.

(i) What is the net electric field on the Cl atom
due to eight Cs atoms?

(i) Suppose that the Cs atom at the corner A is
missing. What is the net force now on the
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Cl atom due to seven remaining Cs atoms?

°Cs++ CI
Two charges q and —3q are placed fixed on
x-axis separated by distance d. Where should a
third charge 2q be placed such that it will not
experience any force ?
Figure shows the electric field lines around three
point charges A, Band C

A
¥

(1) Which charges are positive?

(i) Which charge has the largest magnitude?
Why?

(iii) In which region or regions of the picture
could the electric field be zero? Justify your

answer.
(a) NearA (b) Near B
(¢) NearC (d) Nowhere

Five charges, q each are placed at the corners of
a regular pentagon of side.

Aq

Eq Bq

Dq Cq
e—a—
(a) (i) What will be the electric field at 0, the
centre of the pentagon?
(i) What will be the electric field at 0 if the
charge from one of the corners (say A) is
removed?

(ii1) What will be the electric field at 0 if the
charge q at A is replaced by —q?

(b) How would your answer to (a) be affected if

pentagon is replaced by n-sided regular

polygon with charge q at each of its corners?

Long Answer Questions

In 1959 Lyttleton and Bondi suggested that the

expansion of the universe could be explained if

matter carried a net charge. Suppose that the

universe is made up of hydrogen atoms with a

number density N, which is maintained a

constant. Let the charge on the proton be

e, =- (1 +y)e where e is the electronic charge.

(a) Find the critical value of y such that
expansion may start.

(b) Show that the velocity of expansion is
proportional to the distance from the centre.

Consider a sphere of radius R with charge

density distributed as p(r) = kr for r <R =0 for

r>R.

(a) Find the electric field as all pointsr.

(b) Suppose the total charge on the sphere is
2e where e is the electron charge. Where
can two protons be embedded such that the
force on each of them is zero. Assume that
the introduction of the proton does not alter
the negative charge distribution.

Two fixed, identical conducting plates

(avand PB), each of surface area S are charged to

—Q and q respectively, where Q > q> 0. A third

identical plate (y), free to move is located on the

other side of the plate with charge q at a distance

d (figure). The third plate is released and collides

with the plate 3. Assume the collision is elastic

and the time of collision is sufficient to

redistribute charge amongst 5 and y.

Y,

(=}
=
-

<—d—>
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(a) Find the electric field acting on the plate y
before collision.

(b) Findthe charges on [3 and y after the collision.

(c) Find the velocity of the plate y after the
collision and at a distance d from the
plate 3.

There is another useful system of units, besides

the SI/MKS. A system, called the CGS

(Centimeter-Gram-Second) system. In this

system, Coulomb’s law is given by

F= ;.

r
where the distance r is measured in cm
(= 10~2), F in dynes (= 10-5N) and the charges
in electrostatic units (es units), where 1 es unit

of charge = [1?] %107 C. The number [3] actually

arises from the speed of light in vaccum which

isnow taken to be exactly given by c=2.99792458

x 108 m/s. An approximate value of c, then is

c=3x108m/s.

(i) Show that the Coulomb’s law in CGS units
yields 1 esu of charge = 1 (dyne)"? cm.
Obtain the dimensions of units of charge in
terms of mass M, length L and time T. Show
that it is given in terms of fractional powers
of Mand L.

Multiple Choice Questions (MCQs)

(@) Theforce on q; depend on the force acting
between q; and g, and q; and g5 so that the net
force acting on q; by q, and q; by q; is along
the + x-direction, so the force acting between
q;, 9, and q;, q is attractive force as shown in
figure:

N
+q,

g:¢
+

/N

+q
b 3

The attractive force between these charges
states that q; is a negative charge (since, q,
and g are positive).

(i) Write 1 esu of charge = xC, where x is a
dimensionless number. Show that this gives

L _10TNm = Lo,
4ng, x> C° (3]
we have =[3] x10° —— Nm
4me,

(exactly).

2
= (2.99792458)" x10° N1
4me, C

Two charges —q each are fixed separated by
distance 2d. A third charge q of mass m placed
at the mid-point is displaced slightly by
x(x << d) perpendicular to the line joining the
two fixed charged as shown in figure. Show that
q will perform simple harmonic oscillation of time
period.
q
1/2
T {8113802md3 } / ﬂ X
q -qg d d —q

Total charge —Q is uniformly spread along length
of a ring of radius R. A small test charge + q of
mass m is kept at the centre of the ring and is
given a gentle push along the axis of the ring.
(a) Show that the particle executes a simple

harmonic oscillation.
(b) Obtain its time period.

NCERT EXEMPLAR SOLUTIONS

Then the force acting between q, and charge Q
(positive) is also know as attractive force and
then the net force on q; by q,, q; and Q are
along the same direction as shown in the figure.

The figure shows that the force on q; shall
increase along the positive x-axis due to the
positive charge Q.
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(@) Ifa positive point charge is brought near
an isolated conducting sphere without touching
the sphere, then the free electrons in the sphere
are attracted towards the positive Charge and
electric field passes through a charged body.
This leaves an excess of positive charge on the
(right) surface of sphere due to the induction
process.

Both type of charges are bound in the (isolated
conducting) sphere and cannot escape. They,
therefore, reside on the surface.

Thus, the left surface of sphere has an excess of
negative charge and the right surface of sphere
has an excess of positive charge as shown in
figure.

attracted negative

An electric field lines start from positive charge
and ends at negative charge.

Also, electric field line emerges from a positive
charge, in case of single charge and ends at
infinity shown in figure (a).

(d) By Gauss’s law : The total of the electric
flux out of a closed surface is equal to the charge
enclosed devided by the permittivity i.e.,

b= 2.

80

Thus, electric flux through a surface doesn’t
depend on the shape, size or area of a surface
but it depends on the number of charges
enclosed by the surface. So all the given figures
have same electric flux as all of them also has
same single positive charge.

() Gauss's law states that total electric flux of
q

an enclosed surface is given by, Sf)E.dS =
€

0
includes the sum of all charges enclosed by the
surface.

The charges may be located anywhere inside
the surface, and out side the surface. Then, the
electric field on the left side of equation is due
to all the charges, both inside and outside S.
So, E on LHS of the above equation will have a
contribution from all charges while q on the RHS
will have a contribution from g, and g, only.

(¢) The electric field lines, are directed away
from positively charged source and directed
toward negatively charged source. In electric
field force are directly proportional to the electric
field strength hence, higher the electric field
strength greater the force and vice-versa.

The space between the electric field lines is
increasing, from left to right so strength of
electric field decreases with the increase in the
space between electric field lines. Then the force
on charges also decreases from left to right.
Thus, the force on charge —q is greater than
force on charge +q in turn dipole will experience
a force towards left.

(@) When a positive point charge +q is placed
near an isolated conducting plane, some
negative charge developes on the surface of the
plane towards the charge and an equal positive
charge developes on opposite side of the plane.
This is called induction process and the electric
field on a isolated conducting plane at point is
directly projected in a plane perpendicular to
the field and away from the plane.

(@) Consider a point on diameter away from the
centre of hemisphere uniformly positively
charged, then the electric field is perpendicular
to the diameter and the component of electric
intensity parallel to the diameter cancel out.

Multiple Choice Questions
(More Than One Option)

(c, d) In general Gauss's law is applied to any
closed surface.

In Gauss's law, (j) E.dS means the algebraic sum
of number of flux lines entering the surface and
number of flux lines leaving the surface.

When Cf E.dS=0, the number of flux lines

entering the surface must be equal to the number
of flux lines leaving it. If there is no change inside.

CJ; Eds=21 , Where q is charge enclosed by the
s 80
surface, and €, is permitivity.

If qSE.dS =0,q=0 then the resultant charge

enclosed by the surface must be zero.
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So, all other charges must necessarily be outside
the surface. This is because charges outside
because of the fact that charges outside the
surface do not contribute to the electric flux.
(b,d)

Due to a charge Q the electric field at a point in
space may be defined as the electric force per
unit charge on a changed object at that point.
Thus, electric field due to the charge Q will be
continuous, ifthere is no charge at that point. It
will be discontinuous if there is a charge at that
point.

(b, d) By Gauss’ law, CJ; Eds=21 ,where qis the
s 80

net charge enclosed within the surface.

If C?E.dSzO, then q = 0, i.e., net charge

enclosed by the surface must be zero. So all the
charge is outside the surface. Here, electric flux
doesn’t depend on the type or nature of charge.
(c,d)

The electric field due to dipole is proportional to
(1/r3). When there are various types of charges
in a region, but the net charge is zero, the region
is, supposed to contain a number of electric
dipoles.

So, at points outside the region the dominant

electric field oc % for larger.
r

Then, electric field is conservative, work done
to move a charged particle along a closed path,
away from the region will be zero

@0
o 0 |
By Gauss’ law L(j‘)E,dsz—) where q is the
S e0

charge inclosed by the surfaces, so, net charge
inside the surface is (-2Q+Q=-Q)
Total flux through the surface of the sphere
_Q
€
Now, assuming charge 5Q lies outside the

Gaussian surface, thus it will not contribute to
electric flux through the given Gaussian surface.

(a,b,¢)

The main concepts are used

(i) Interaction between charges.

(i) Stable and unstable equilibrium.

The positive charge Q is uniformly distributed
at the-outer surface of the ring. Thus, electric
field inside the sphere is zero.

Then the positive charge of the ring will interact
equally a charge placed at centre of ring will be
in unstable equilibrium.

So the effect of electric field on charge q due to
the positive charge Q is zero.

Now, there are two forces are active between
charges (Q and q).

(1) attractive force. (ii) repulsive force.

There are two cases obtained :

Case I : When charge q> 0 i.e., q is a positive
charge, there creates a repulsive force between
charge qand Q.

The repulsive forces of charge Q from all around
the charge q will push it towards.ihe centre ifit
is displaced from the centre of the ring.

Case Il : When charge q<01i.e., q is a negative
charge then there is an attractive force between
charge Qand q.

If q is displaced slightly small from the centre
then the positive charges nearer to this charge
will attract it towards itself and charge q will
never return to the centre.

Very Short Answer Questions
By Gauss's law

@E.ds =4 where, q is the net charge inside
s 80
that enclosed surface.
Now, the net charae on Gaussion surface due to
adipoleis—q+q=0.
So, electric flux through a surface enclosing a
—q+q_0

=—=0

dipole ¢=
ipole ¢ e .

As we know that the surface density is (G = %)

As per given data the charge placed at the centre
of the spherical cavity is positively charged. So,
the charge (—Q) created at the inner surface of
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the sphere, due to induction by charge +Q at
centre and due to this charge created at outer
surface of the sphere is + Q.

+Q t+ +

+ 4 +
4+
So, surface charge density (o) on inside the

rface =
surface 4Tk’

Now, surface charge density (c) on outside the

+Q

surface =
4nR;

Electrostatic fields are caused by the presence
of charges.

But there can be no excess charge on the inside
surface of an isolated conductor. So, the net
charge inside a conductor is zero despite the
fact that the dimensions of an atom are of the
order of an Angstrom. So force between electron
and proton is very large. Electric field outside

theatom will be E o L%
r
where (2a) — average distance between P* and
e in atom

r — very large distance between
point and atomic dipole when
(r>>a), soelectric field tends to
Z€ro.

Gauss’ law states that

fEds=-1
s 80
The electric field in the LHS is due to all the
charges both inside and outside the surface. The
term q on the right side of the equation given by
Gauss’ law represent only the total charge inside
and outside of the surface.
So, despite being total charge inside enclosed
by a sorface zero, it doesn’t imply that the electric
field everywhere on the surface is zero, the field
may be normal to the surface.

Also, if the electric field everywhere on a
Gaussian surface is zero, it doesn’t imply that
net charge inside it is zero.It is possible, only
when outside charge will be zero.

i.c. Putting E=0in Eds =L
80

So, q=0.

As per given figure, there is no any negative

charge only positive charge is spreading

uniformly.

Thus, the electric field lines of force emerge away

perpendicularly from surface. So it will start from

positive charges and move towards infinity as

no negative charge. So, no end point.

Side view Top view
(@) Tomake symmetric identical cube.
So there are eight corners in a cube. Hence, total
q

o 9 9
charge distribution for a cube is a1 3

By Gauss's law the electric flux at A= Se

0
() Charge q at B symmetric, we can consider

the identical cube of side (%) . So the charge
q

distribution for one cube Q = —7= 9
8 x— 4
2

So, total flux through the faces of the given cube
=q/4eg,

(¢) When the charge q is placed at C, the centre
of a face of the cube, it is being shared equally
by 2 cubes. So charge distribution for one cube

is = Ll _ So, total flux through the faces
x— 2
4

of the given cube = q/2 ¢,
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(d) Similarly, when charge q placed at Q, the
mid-point of B and C. It is being shared equally
by 2 cubes, So charge distribution for one cube

is= Lq = % So, total flux through the faces

8§ x —
4

of the given cube = q/2 g,
Short Answer Questions

As, given that

Mass of a paisa coin = 0.75g

diagonal =17 mm,

As we know that,

Atomic mass of aluminium = 26.9815g
Avogadro’s number = 6.023 x 1023

0.75
26.9815

then the number of aluminium atoms in a paisa
coin,

So, the number of mole in (0.75 g) =

6.023x10%
=————x0.75 =1.6742 x 1022
26,9815 674210
Megnitude of charge on a proton or electron
=1.6x1071C

As charge number of Al is 13, each atom of Al
contains 13 protons and 13 electrons.

Magnitude of positive and negative
charges in one paisa coin =N ze

=1.6742x102x 13 x 1.6 x 10719 C

=348x10%C
This is a very large amount of charge. So, we
can conclude that even a 0.75 g Al and Mg
contains enormous amount of positive and
negative charge (these are) equal in magnitude.
Here charges are equal and opposite, so by
columb's law, force of attraction between charges
is:

— (9% here, (=g,
e\ r (4 =9=9)

As given that :

q=+34.8KC= +3.48 x 10*C

r;=lem= 102m, 1, =100m, ;= 10°m

=9x 109 N-m?2/C2

and
TE,

Cfaf 9x10°(348x10°)°

M F

dme, 1t (102)’
=1.09x 103N

i) la| 9x10°(3.48x10*)’

11 = =

2 Ameg, (100)*
=1.09x 105N

laf  9x10°(3.48x10*)°
(i) F5= T = .

4me, 15 (10 )

=1.09%10’N

So, when + charges in ordinary neutral matter
are separated as point charges, they exert an
enormous force. Hence very difficult to disturb
electrical neutrality of matter.

(i) Here, the distance of chlorine atom at the
centre of the cube is equal distance from all the
eight corners of cube where cesium atoms are
placed. So, due to symmetry the forces due to
all Csions, on Cl atom will cancel out.

F

Hence, E= E where F =0

So, E=0

(ii) The, net force on Cl atom at A would be.
dme,r’’

where, r = distance between Clion and Cs ion
Applying Pythagorous theorem then,

r= /(02012 +(0.20)% +(0.20)* x10m

r= 0346x10%m,
We know that,
( N — nz \

_ -19 1 _ 9
e=(1.6x10 ),E—MIOL ez}

2 2
Q- __°
drggr®  Amegr

(- q =q2=e)

So, the force F= 5

2
9x1o9(1.6x10‘19)
= 57— =1.92x10°N
(0.346x107)
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Consider the figure given below :

2q p q -3q

Let consider 2q at C to the left of q at distance X
form q. Force on 2q at C (left of q) is in opposite
direction.

So net force will be zero is magnitude is equal
So, FoatFep=0

or, (Fea)=Fep)

9cda —qcs

(4ne)ity)  (4me)(ity)

As given that, (q A= D, (qg=-39), (qC =+2q)
When force of repulsion on it due to q is
balanced by force of attraction on it due to
(-3q), at B,where AB=d

Thus, force of attraction by (—3q) = Force of
repulsion by q

2qxq  2qx3q

4neg, x’ 4me, (x+ d)2

o3
X (x+d)
(x +d?)=3x?

x2+d?2+2xd=3x2 =2x2 - d?
So, 2x2-2dx—d? =0

Negative sign be between q and —3q so not
considerable.

d
= g+% :E(H«/g) to the left of q

So, x

(@ (i) As given figure, the electric lines of

force emerge out positive charge from A

and C. So, charges A and C must be positive.

(i) The number of electric lines of forces

enamating is maximum for charge C because

the density of electric lines of force from a

charge increase the intensity of electric field,

or magnitude of charge increases. So, C must
have the largest magnitude.

(iii) The point between two like charges where
electrostatic force is zero is called neutral
point. So, the neutral point lies between A
and C only.

Now the position of neutral point depends on

the strength of the forces of charges. Here, more

number of electric lines of forces shows larger
magnitude (strength) of charge C than A. So.

neutral point lies near A.

(@ (1) Asthegiven figure the point O is equal
distance from all the charges at the end
point of pentagon. So, due to symmetric to
all the five equal charge +q then, the forces
due to all the charges are cancelled out. As
aresult electric field at O is zero.

(i) When charge q is removed a negative
chare —q will develop at A then electric

field E = 4“1“ along OA.

2
0

(ii1) If charge q at A is replaced by —q, then
two negative charges —2q will develop
there. So, the electric field is

E= _2q2 along OA
4me,r

(b) If Pentagon is replaced by n sided regular
polygon with charge q at each of its corners,
the electric field at O would continue to be
zero as symmetricity of the charges is due
to the regularity of the polygon. It doesn’t
depend on the number of sides or the
number of charges.

Long Answer Questions

(@) Consider universe is a sphere with radius R.

H atoms and its constituent hydrogen atoms

are distributed uniformly in the sphere.

As hydrogen atom contains one proton and one

electron, charge on each hydrogen atom.
eg=epte=—(1+Y)ete=-Ye=(Ye)

charge on proton ep =—(1 +Y)e

If E is electric field intensity at distance R, on

the surface of the sphere, then according to

Gauss’ theorem,

_4q
CJ-DE.ds —g
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4nR3N|Ye|

ie., E(4nR?) =3 .
0

_4nN|Ye[R' 1N|Ye|R
3 g, x4nR? 3 e

()

0

Now suppose, mass of each hydrogen atom =
m, = Mass of a proton, G, (gravitational field)
at distance R on the sphere.

4
Then, —4nR?Gy= 4nG m, (E R’ J N

-4 .
Gy= ?nGmPNR ... (i)
So, Gravitational force on this atom is

—4n
Fg=m xGR = TGmiNR ... (iil)

Coulomb force on hydrogen atom at R is

Fo=(Ye).E
From equation (i) putting the value of (E),

1 NY’e’R
Fe=|7%
3 g
So, to start expansion F->F 5 and critical value

of Y to start expansion would be when
Fe=Fg

1 NY?e’R

- ﬂGmf,NR
3 ¢, 3

1

B )| (16610 )
9x10°

(1.6x107")’

2 x(6.68x10™"

Y2=79.8x 10738

Y=/798x10* =8.9x 1071 = 10713

So critical value of Y is of the order of (10~18)
that universe start to expand.

For expansion repulsive force F- must be greater
than, attractive gravitational force.

(b) Net force experience by the hydrogen atom.
So, F=F--Fg

2.2
1N R—%GmﬁNR

3 ¢

When acceleration of hydrogen atom is represent
by (d”R /dt?) then

m d'R =F _lw_ﬂszNR
Par T 3 g, 3 0F
2 2
(1N e R
3 ¢, 3

2 2.2
o, IR __1/1NY'e -4—“Gm,§N R
3 g 3

mp|3 ¢ 3
th IR R i
en, e o ... (1v)

The general solution of Eq (iv) is R — Ae*+ Be ™
We are looking for expansion of universe,

So, B=0 and R= Ae™
then velocity of expansion,

dR
Tt
Ae™ (o) = aAe™ = aR
Thus, v « R i.e., velocity of expansion is
proportional to the distance from the centre.

(@) Consider a sphere S of radius R and two
hypothetic sphere of radius r <R andr > R.

S

t

According to Gauss's law, cj‘)E.dS =4

€
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Case I : Consider, for Point r <R, electric field
intensity will be

EdS = i [pdV  (q=pdv)

Volume of Gaussion surface (V)
As we know that,

4 4 s
FordV,V=§1tr =dV=3x En‘r dr=4nrdr
[p(r)=kr for (r<R)]

So, ng.dS = i471KJ‘r3d1r
80 0
2 47:Kﬁ
(E)4mur== g, 4
1
- —Kr?
E 4e

0
So, direction of E is radially outwards.
Case II : By Gauss’s law

fEdS = 4

€

For points r > R, electric field intensity will be

$EdS = Sijpdv (> q=pdV)
0

4 3
FordV, V= Enr
dv= 3xgnr2dr
=4m’dr
p(r)=Kr forr>R
R 4
B = 4nKJ~r3dr=4nK(R 0)
g 1 €, 4
KR
E= 4g, 1’

Charge density is again positive. So, the direction

of E isradially outward.

(b) The two protons must be on the opposite
sides of the centre along a diameter
following, the rule of symmetry. This can be
shown by the figure so, total negative
charge on the sphere is 2e, it is distributed
in sphere of radius R.

Symmetrically,
so, the charge on sphere is

R R
q= [pdv = [(Kr)4nr'dr
0 0

4

R
= 4nK— =2¢
4 4

2e
K= nR*
If protons 1 and 2 are embedded at distance r
from the centre O of the sphere as shown thus
attractive force on proton 1 due to charge
distribution inside the charge sphere at r < R
from part (a) is

—eKr? ( Kr?)
Fi=eE=—, LE= )
de, 45
Repulsive force on proton 1 due to proton 2 is
- ¢
2 4me, (2r)
Net force on proton 1,
F=F, +F,
—eKr? e’

+ 2
d4e,  lome;r

F=

By putting the value of (K)

—er’ 2e . ¢’
So, F=1"e, iR* " T6me,r
Therefore, net force on proton 1 will be zero, so
F=0 or F, +F,=0

—er’2e ¢’
4¢ mR* 16w er’ =0
er’ 2e e’

4e,mRY T 16me,r”

R* R
3 or r= (8)1/4

This is the distance of each of the two protons
from the centre of the sphere.

=
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(@) Net electric field at plate y before collision
is equal to the sum of electric field at plate

y due to plate o and .
The electric field at plate y due to plate a

c
when o =

. E _ _—’
- is E; S(2£0) (towards
left).
The electric field at plate y due to plate 8
q . q
when B = s E, =———,
P . 8(2¢)
(towards right).
Hence, the net electric field at plate y before
collision.
E=E +E2:ﬁ, if Q > q (towards
! S(2¢,)
left).

(b) During collision, plates (3 and y are together.
Their potentials become same.
Suppose charge on plate 8 is q; and charge
on plate y is q,. At any point O, in between
the two plates, the electric field must be zero.

Q
S(2g,)°
(towards left)

Electric field at O due to plate oo =

Electric field at O due to plate B = S 1

(2¢,)
(towards right)

Electric field at O due to plate y = 9 ,
S(2e,)

(towards left)
So, net electric field at O is zero, therefore

_Q +_q2 + 9,

=0
S(2g,) 2Sg, 2Sg,

Q+q, o q
S(260) ~ (2¢,)
Q+QQZQ1
Q:(h —qp (1)

If there is no loss of charge on collision.
Q+q=q;tq, (i)
On solving Egs. (i) and (ii), we have,
q; =(Q +g/2), (charge on plate B)
q, = (q/2) (charge on plate y)
(c) After collision, at a distance d from plate 3,

Consider the velocity of plate y be v. After
the collision, electric field at plate y is

_—Q (Q+a/2) g2

T 26,8 258 2g8

E,

(towards right)
Electric field on plate y just before collision
due to plate . and
(Q-q)

2e,S  2¢g,S 2g,S

Just before collision, electric field at plate y

1S
E,- - Q-¢q
2g,S

IfF, is force on plate y before collision, then

(Q-q)Q
F=-FQ=""s

So, total work done by the electric field is
round trip movement of platey

[(Q-q)Q+(a/2)" Jd

= + =
W=(F, +F,)d 208

(Q-g/2)'d
2g,5
If m is mass of plate y, the KE gained by
plate,
According to work-energy theorem,

W= lmv2
2
2
. Lmy o (Q-9/2)d
2 2¢,S

V=(Q—q/2)[md JI/Z
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(i) As given that, the relation,

[1 esu of charge]’
[1em]’

Qq‘—ld

F=

So, 1 esu of charge = (1 dyne)/2 x 1 cm
—F12, L= [MLT2]'2L

1 esu of charge =M1/2L.32T-1

So, esu of charge is represented in terms of

fractional powers 1 of M and 3 of L
2 2

(ii) Consider 1 esu of charge =x C, where x is a
dimensionless number Coulomb force on
two charges, each of magnitude 1 esu
separated by 1 cm is dyne = 107N, This
situation is equivalent to two charges of
magnitude x C separated by 102 m

_ 1 (%qzj
drg, \ 1’

1 x2

N 4me, (1072 )2

=1dyne=10"N

[ q = Q2:XC]

I 10° Nm’
dne, x> 2

()

1
Putting x :W ineq. (i)

So, =10 x|3[ x10" —— Nm
4me,
2
1 —9x10° anl
4me, C

In simple harmonic, force on charge q in motion
must be proportional to its distance from the
centre O and is directed towards O

As given that, two charge —q at A and B
=[AO+OB]=2d (- AO=0B=d)

x is small distance perpendicular to O, i.e.

x <d mass of charge q.

P
NS
F
r x I
'—4q d O d —qB

So, force of attraction at P towards A and B are
each

F= Lq)z, whereAP=BP =r
4me,r

0

Horizontal components of these forces F, are

cancel out. Vertical components along PO add.

If ZAPO = O, the net force on q along PO is
=2F cosQ

2¢° (i) 2¢°x
Cdmgi\r) 4n80(d2+x2)3/2

2q9°x
"— =Kx
When, x<<d,F dme, FE
2q°
where = e,
So, Focx

Thus, force on charge q is proportional to its
displacement from the centre O and it is directed
towards O

Hence, motion of charge q would be simple

harmonic, where
\/E
0= .]—
m
m_, ’m4ﬂ:820d3
K 2q
87t € md3 v
.'. 3 T
47T80d

In a simple harmonic oscillation retarding force

2
and T=Z=2n
o

on q is proportional to the amount of negative
displacement from an equilibrium position.
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The figure according to question

Z Axis of ring

=~

A gentle push on charge q along the axis of the
ring gives rise to the situation shown in the
figure.

Plane of the ring

Taking line elements of charge at A and B, having
unit length, then charge on each elements.

dF= 2(—&)qx ! chos@
2nR 4me, t

So, total force on the charge g, due to entire ring

1 12
Fo- W)L 12
nR 4me, 17 T
Fe Qqz
- 5 2\32
4re, (22 +R?)
_ Qq23 - Xz,
4me R

if Z<<R, Z? << RZ or Z? can be neglected

where, Qq T = constant = K
4me,

So, (Foc—z)

Thus force on q is proportional to negative of
its displacement. Therefore, motion ofq is simple

harmonic.
\/ﬁ
0= ,—
m

2 4ne R'm
and T=— —ZK\/E T =2m, [T T
o K Qq
. ne
L 4 0R3J



Chapter Two

ELEC TR OSTATIC
POTENTIAL AND

CAPACITANCE

EXERCISES

2.1  Two charges 5 x 10°C and -3 x 10®C are located 16 cm apart. At
what point(s) on the line joining the two charges is the electric
potential zero? Take the potential at infinity to be zero.

2.2 A regular hexagon of side 10 cm has a charge 5 uC at each of its
vertices. Calculate the potential at the centre of the hexagon.

2.3 Two charges 2 uC and -2 pC are placed at points A and B 6 cm
apart.

(a) Identify an equipotential surface of the system.
(b) What is the direction of the electric field at every point on this
surface?

2.4 A spherical conductor of radius 12 cm has a charge of 1.6 x 107C
distributed uniformly on its surface. What is the electric field
(a) inside the sphere
(b) just outside the sphere
(c) at a point 18 cm from the centre of the sphere?

2.5 A parallel plate capacitor with air between the plates has a
capacitance of 8 pF (IpF = 1072 F). What will be the capacitance if
the distance between the plates is reduced by half, and the space
between them is filled with a substance of dielectric constant 6?

2.6  Three capacitors each of capacitance 9 pF are connected in series.
(a) What is the total capacitance of the combination?

(b) What is the potential difference across each capacitor if the
combination is connected to a 120 V supply?

2.7 Three capacitors of capacitances 2 pF, 3 pF and 4 pF are connected
in parallel.

(a) What is the total capacitance of the combination?
(b) Determine the charge on each capacitor if the combination is
connected to a 100 V supply.

2.8 In a parallel plate capacitor with air between the plates, each plate

has an area of 6 x 10 m? and the distance between the plates is 3 mm.
Calculate the capacitance of the capacitor. If this capacitor is
connected to a 100 V supply, what is the charge on each plate of
the capacitor?
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2.9

2.14

Explain what would happen if in the capacitor given in Exercise
2.8, a 3 mm thick mica sheet (of dielectric constant = 6) were inserted
between the plates,

(a) while the voltage supply remained connected.

(b) after the supply was disconnected.

A 12pF capacitor is connected to a 50V battery. How much
electrostatic energy is stored in the capacitor?

A 600pF capacitor is charged by a 200V supply. It is then
disconnected from the supply and is connected to another
uncharged 600 pF capacitor. How much electrostatic energy is lost
in the process?

ADDITIONAL EXERCISES

A charge of 8 mC is located at the origin. Calculate the work done in
taking a small charge of -2 x 10 C from a point P (0, 0, 3 cm) to a
point Q (0, 4 cm, 0), via a point R (0, 6 cm, 9 cm).

A cube of side b has a charge g at each of its vertices. Determine the
potential and electric field due to this charge array at the centre of
the cube.

Two tiny spheres carrying charges 1.5 pC and 2.5 pC are located 30 cm

apart. Find the potential and electric field:

(a) at the mid-point of the line joining the two charges, and

(b) at a point 10 cm from this midpoint in a plane normal to the
line and passing through the mid-point.

A spherical conducting shell of inner radius r, and outer radius r,

has a charge Q.

(a) A charge q is placed at the centre of the shell. What is the
surface charge density on the inner and outer surfaces of the
shell?

(b) Is the electric field inside a cavity (with no charge) zero, even if
the shell is not spherical, but has any irregular shape? Explain.

(a) Show that the normal component of electrostatic field has a
discontinuity from one side of a charged surface to another
given by

(E,-E)a=Z
&

where M is a unit vector normal to the surface at a point and
o is the surface charge density at that point. (The direction of
n is from side 1 to side 2.) Hence show that just outside a
conductor, the electric field is o n /g,.

(b) Show that the tangential component of electrostatic field is
continuous from one side of a charged surface to another. [Hint:
For (a), use Gauss’s law. For, (b) use the fact that work done by
electrostatic field on a closed loop is zero.|

A long charged cylinder of linear charged density 1 is surrounded

by a hollow co-axial conducting cylinder. What is the electric field in

the space between the two cylinders?

In a hydrogen atom, the electron and proton are bound at a distance

of about 0.53 A:
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2.21

2.22

2.23

2.24

Electrostatic Potential

and Capacitance

(a) Estimate the potential energy of the system in eV, taking the
zero of the potential energy at infinite separation of the electron
from proton.

(b) What is the minimum work required to free the electron, given
that its kinetic energy in the orbit is half the magnitude of
potential energy obtained in (a)?

(c) What are the answers to (a) and (b) above if the zero of potential
energy is taken at 1.06 A separation?

If one of the two electrons of a H, molecule is removed, we get a
hydrogen molecular ion Hj. In the ground state of an Hj, the two
protons are separated by roughly 1.5 A, and the electron is roughly
1 A from each proton. Determine the potential energy of the system.
Specify your choice of the zero of potential energy.

Two charged conducting spheres of radii a and b are connected to
each other by a wire. What is the ratio of electric fields at the surfaces
of the two spheres? Use the result obtained to explain why charge
density on the sharp and pointed ends of a conductor is higher
than on its flatter portions.

Two charges —q and +q are located at points (0, 0, —a) and (0, 0, a),

respectively.
(a) What is the electrostatic potential at the points (0, 0, z) and
(x y, 0)?

(b) Obtain the dependence of potential on the distance r of a point
from the origin when r/a >> 1.

(c) How much work is done in moving a small test charge from the
point (5,0,0) to (-7,0,0) along the x-axis? Does the answer
change if the path of the test charge between the same points
is not along the x-axis?

Figure 2.34 shows a charge array known as an electric quadrupole.

For a point on the axis of the quadrupole, obtain the dependence

of potential on r for r/a >> 1, and contrast your results with that

due to an electric dipole, and an electric monopole (i.e., a single
charge).

a a
O @@ oP
a -9-9 q
« r >
FIGURE 2.34

An electrical technician requires a capacitance of 2 pF in a circuit
across a potential difference of 1 kV. A large number of 1 uF capacitors
are available to him each of which can withstand a potential
difference of not more than 400 V. Suggest a possible arrangement
that requires the minimum number of capacitors.

What is the area of the plates of a 2 F parallel plate capacitor, given
that the separation between the plates is 0.5 cm? [You will realise
from your answer why ordinary capacitors are in the range of pF or
less. However, electrolytic capacitors do have a much larger
capacitance (0.1 F) because of very minute separation between the
conductors.]
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2.26

2.27

2.28

2.29

90

Obtain the equivalent capacitance of the network in Fig. 2.35. For a
300 V supply, determine the charge and voltage across each capacitor.
100 pF
| |

1

200 pF 200 pF

HET-

C 1oopr © j300V
| |
| ]

C,

FIGURE 2.35

The plates of a parallel plate capacitor have an area of 90 cm” each
and are separated by 2.5 mm. The capacitor is charged by connecting
it to a 400 V supply.

(a) How much electrostatic energy is stored by the capacitor?

(b) View this energy as stored in the electrostatic field between
the plates, and obtain the energy per unit volume u. Hence
arrive at a relation between u and the magnitude of electric
field E between the plates.

A 4 pF capacitor is charged by a 200 V supply. It is then disconnected

from the supply, and is connected to another uncharged 2 uF

capacitor. How much electrostatic energy of the first capacitor is
lost in the form of heat and electromagnetic radiation?

Show that the force on each plate of a parallel plate capacitor has a

magnitude equal to (Y2) QE, where Q is the charge on the capacitor,

and E is the magnitude of electric field between the plates. Explain

the origin of the factor Y.

A spherical capacitor consists of two concentric spherical conductors,

held in position by suitable insulating supports (Fig. 2.36). Show

Charge Q

FIGURE 2.36
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and Capacitance

that the capacitance of a spherical capacitor is given by
C= 4ne, i,

n-rn
where r; and r, are the radii of outer and inner spheres,
respectively.

A spherical capacitor has an inner sphere of radius 12 cm and an
outer sphere of radius 13 cm. The outer sphere is earthed and the
inner sphere is given a charge of 2.5 uC. The space between the
concentric spheres is filled with a liquid of dielectric constant 32.
(a) Determine the capacitance of the capacitor.

(b) What is the potential of the inner sphere?

(c) Compare the capacitance of this capacitor with that of an
isolated sphere of radius 12 cm. Explain why the latter is much
smaller.

Answer carefully:

(a) Two large conducting spheres carrying charges Q, and 9, are
brought close to each other. Is the magnitude of electrostatic
force between them exactly given by Q, Q,/ 4r:50r2, where r is
the distance between their centres?

(b) If Coulomb’s law involved 1/r® dependence (instead of 1/ ),
would Gauss’s law be still true ?

(c) A small test charge is released at rest at a point in an
electrostatic field configuration. Will travel along the field
line passing through that point?

(d) What is the work done by the field of a nucleus in a complete
circular orbit of the electron? What if the orbit is elliptical?

(e) We know that electric field is discontinuous across the surface
of a charged conductor. Is electric potential also discontinuous
there?

(f) What meaning would you give to the capacitance of a single
conductor?

(g) Guess a possible reason why water has a much greater
dielectric constant (= 80) than say, mica (= 6).

A cylindrical capacitor has two co-axial cylinders of length 15 cm
and radii 1.5 cm and 1.4 cm. The outer cylinder is earthed and the
inner cylinder is given a charge of 3.5 uC. Determine the capacitance
of the system and the potential of the inner cylinder. Neglect end
effects (i.e., bending of field lines at the ends).

A parallel plate capacitor is to be designed with a voltage rating
1 kV, using a material of dielectric constant 3 and dielectric strength
about 107 Vm™. (Dielectric strength is the maximum electric field a
material can tolerate without breakdown, i.e., without starting to
conduct electricity through partial ionisation.) For safety, we should
like the field never to exceed, say 10% of the dielectric strength.
What minimum area of the plates is required to have a capacitance
of 50 pF?

Describe schematically the equipotential surfaces corresponding to
(a) a constant electric field in the z-direction,

(b) a field that uniformly increases in magnitude but remains in a

constant (say, z) direction,
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2.36

2.37

(c) a single positive charge at the origin, and
(d) auniform grid consisting of long equally spaced parallel charged
wires in a plane.

In a Van de Graaff type generator a spherical metal shell is to be a

15 x 10° V electrode. The dielectric strength of the gas surrounding

the electrode is 5 x 107 Vm™. What is the minimum radius of the

spherical shell required? (You will learn from this exercise why one
cannot build an electrostatic generator using a very small shell
which requires a small charge to acquire a high potential.)

A small sphere of radius r, and charge q, is enclosed by a spherical

shell of radius r, and charge g,. Show that if g, is positive, charge

will necessarily flow from the sphere to the shell (when the two are
connected by a wire) no matter what the charge g, on the shell is.

Answer the following:

(a) The top of the atmosphere is at about 400 kV with respect to
the surface of the earth, corresponding to an electric field that
decreases with altitude. Near the surface of the earth, the field
is about 100 Vm™'. Why then do we not get an electric shock as
we step out of our house into the open? (Assume the house to
be a steel cage so there is no field inside!)

(b) A man fixes outside his house one evening a two metre high
insulating slab carrying on its top a large aluminium sheet of
area 1m® Will he get an electrc shock if he touches the metal
sheet next morning?

(c) The discharging current in the atmosphere due to the small
conductivity of air is known to be 1800 A on an average over
the globe. Why then does the atmosphere not discharge itself
completely in due course and become electrically neutral? In
other words, what keeps the atmosphere charged?

(d) What are the forms of energy into which the electrical energy

of the atmosphere is dissipated during a lightning?
(Hint: The earth has an electric field of about 100 Vm™ at its
surface in the downward direction, corresponding to a surface
charge density = -10° C m™. Due to the slight conductivity of
the atmosphere up to about 50 km (beyond which it is good
conductor), about + 1800 C is pumped every second into the
earth as a whole. The earth, however, does not get discharged
since thunderstorms and lightning occurring continually all
over the globe pump an equal amount of negative charge on
the earth.)
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Chapter 2:- Electrostatic Potential

Multiple Choice Questions (MCQs)

A capacitor of 4 uF is connected as shown in
the circuit. The internal resistance of the battery
is 0.5Q. The amount of charge on the capacitor
plates will be

4 WF 100

_| ANAN——

25V
A AMWN—————
2Q
(@)0pC (b) 4pC
(©) 16 uC d) 8uC

A positively charged particle is released from

rest in an uniform electric field. The electric

potential energy of the charge

(a) remains a constant because the electric field
is uniform

(b) increases because the charge moves along
the electric field

(c) decreases because the charge moves along
the electric field

(d) decreases because the charge moves
opposite to the electric field

Figure shows some equipotential lines

distributed in space. A charged object is moved

from point A to point B.

(a) The work done in Fig. (i) is the greatest

(b) The work done in Fig. (ii) is least

(c) Thework done isthe same in Fig. (i), Fig.(ii)
and Fig. (iii)

(d) The work done in Fig. (iii) is greater than
Fig. (ii) but equal to that in

20V, 49V

LAY L 4B |

10V 20V 30V 40V 50V 10V 30V 30V
Fig. (i) Fig. (i)

30V

10V 20V 40V 50V
Fig. (iii)
The electrostatic potential on the surface of a
charged conducting sphere is 100V. Two
statements are made in this regard S, at any
point inside the sphere, electric intensity is zero.
S, at any point inside the sphere, the
electrostatic potential is 100V. Which of the
following is a correct statement?
(@) S, istrue but S, is false
(b) Both S, and S, are false
(c) S,istrue, S,isalsotrue and S is the cause
of S,
(d) S, is true, S, is also true but the statements
are independant
Equipotentials at a great distance from a
collection of charges whose total sum is not zero
are approximately
(a) spheres (b) planes
(c) paraboloids (d) ellipsoids
A parallel plate capacitor is made of two dielectric
blocks in series. One of the blocks has thickness
d; and dielectric constant K and the other has
thickness d, and dielectric constant K, as
shown in figure. This arrangement can be
thought as a dielectric slab of thickness d (= d,;
+d,) and effective dielectric constant K. The K
is

VA

AN

(@) K,d, +K,d, (b) K.d +K.d,
d +d, K, +K,
© KK,(d, +d,) @ 2K K,

(Kd, +K,d,) K, +K,


bts
Text Box
Chapter 2:- Electrostatic Potential 
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Multiple Choice Questions (MCQs)
(More than one option correct)

Consider a uniform electric field in the

z-direction. The potential is a constant

(a)in all space

(b) for any x for a given z

(c) for any y for a given z

(d) on the x-y plane for a given z

Equipotential surfaces

(a) are closer in regions of large electric fields
compared to regions of lower electric fields

(b) will be more crowded near sharp edges of a
conductor

(c) will be more crowded near regions of large
charge densities

(d) will always be equally spaced

The work done to move a charge along an

equipotential from A to B.

B
(a) cannot be defined a — I Edl
A

B
(b) must be defined as —J‘ E.dl
A

(c) iszero

(d) Can have a non zero value

In a region of constant potential

(a) theelectric field is uniform

(b) theelectric field is zero

(c) there can be no charge inside the region

(d) the electric field shall necessarily change if
a charge is placed outside the region.

In the circuit shown in figure initially key K, is

closed and key K, is open. Then K, is opened

and K, is closed (order is important).

[Take Q,'and Q', as charges on C; and C, and

V, and V, as voltage respectively.]

Kl K2
(o) (o)
NP4 U/
() C= =
Then,
(a) charge on C, gets redistributed such that
V,=V,

(b) charge on C, gets redistributed such that
Ql' = Qz'

(c) charge on C,; gets redistributed such that
C,V,+C,V,=CE

(d) charge on C, gets redistributed such that
Q]V + sz =Q

Ifa conductor has a potential V # 0 and there are

no charge anywhere else outside, then

(a) there must be charges on the surface or inside
itself

(b) there cannot be any charge in the body of
the conductor

(c) there must be charges only on the surface

(d) there must be charges inside the surface

A parallel plate capacitor is connected to a

battery as shown in figure. Consider two

situations.
K
[ ]
T I L
EU

A. KeyK s kept closed and plates of capacitors
are moved apart using insulating handle.

B. Key K is opened and plates of capacitors
are moved apart using insulating handle.

Choose the correct option(s).

(a) In A Qremains same but C changes

(b) In B V remains same but C changes

(¢) In AV remains same and hence Q changes

(d) In BQ remains same and hence V changes.

Very Short Answer Questions

1.

Consider two conducting spheres of radii R;
and R, with R, > R,. If the two are at the same
potential, the larger sphere has more charge than
the smaller sphere. State whether the charge
density of the smaller sphere is more or less than
that of the larger one.

Do free electrons travel to region of higher
potential or lower potential ?

Can there be a potential difference between two
adjacent conductors carrying the same charge?
Can the potential function have a maximum or
minimum in free space?

A test charge q is made to move in the electric
field of a point charge Q along two different
closed paths. Figure first path has sections along
and perpendicular to lines of electric field.
Second path is a rectangular loop of the same
area as the first loop. How does the work done
compare in the two cases?
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Short Answer Questions

Prove that a closed equipotential surface with
no charge within itself must enclose an
equipotential volume.

A capacitor has some dielectric between its
plates and the capacitor is connected to a DC
source. The battery is now disconnected and
then the dielectric is removed . State whether
the capacitance, the energy stored in it, electric
field, charge stored and the voltage will increase,
decrease or remain constant.

Prove that, if an insulated, uncharged conductor
is placed near a charged conductor and no other
conductors are present, the uncharged body
must intermediate in potential between that of
the charged body and that of infinity.
Calculate potential energy of a point charge —q
placed along the axis due to a charge +Q
uniformly distributed along a ring of radius R.
Sketch PE, as a function of axial distance z from
the centre of the ring. Looking at graph, can you
see what would happen if—q is displaced slightly
from the centre of the ring (along the axis)?
Calculate potential on the axis of a ring due to
charge Q uniformly distributed along the ring of
radius R.

Long Answer Questions

Find the equation of the equipotentials for an
infinite cylinder of radius r( carrying charge of
linear density A.

Two point charges of magnitude + q and —q are
placed at (—d/2, 0,0) and (d/2, 2, 0), respectively.
Find the equation of the equipotential surface
where the potential is zero.

A parallel plate capacitor is filled by a dielectric
whose relative permittivity varies with the
appliedvoltage(U) ase = alU wherea =2V 1. A
similar capacitor with no dielectric is charged to
U, =78 V.Itis then connected to the uncharged
capacitor with the dielectric. Find the final
voltage on the capacitors.

10.

A capacitor is made of two circular plates of

radius R each, separated by a distance d <<R.

The capacitor is connected to a constant

voltage. A thin conducting disc of radius r <<R

and thickness t <<r is placed at a centre of the
bottom plate. Find the minimum voltage required

to lift the disc if the mass of the disc is m.

(a) In a quark model of elementary particles, a
neutron is made of one up quarks [charge
(2/3) e] and two down quarks [charges
—(1/3) e]. Assume that they have a triangle
configuration with side length of the order
of 10-13 m. Calculate electrostatic potential
energy of neutron and compare it with its
mass 939 MeV.

(b) Repeatabove exercise for a proton which is
made of two up and one down quark.

Two metal spheres, one of radius R and the other

of radius 2R, both have same surface charge

density . They are brought in contact and
separated. What will be new surface charge
densities on them ?

In the circuit shown in figure, initially K is closed

and K, is open. What are the charges on each

capacitors?

Then K was opened and K, was closed (order

is important), what will be the charge on each

capacitor now? [C =IpF]
C,=6C K, K,

i PA (o
Ay ) { >1
C,=3C T

C,= 36(

Calculate potential on the axis of a disc of radius
R due to a charge Q uniformly distributed on its
surface.

Two charges q, and q, are placed at (0, 0, d) and
(0, 0,—d) respectively. Find locus of points where
the potential is zero.

Two charges —q each are separated by distance
2d. A third charge + q is kept at mid-point 0. Find
potential energy of + q as a function of small
distance x from 0 due to —q charges. Sketch PE
Vs/x and convince yourself that the charge at 0
is in an unstable equilibrium.

E=9V—/—

< I >(+q)¢<——d >
° ° ° -*(-q)
-q) 0'«<—x—>0
< (d-x) > (d+x) >
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Multiple Choice Questions (MCQs)

(d) As capacitor offers infinite resistance in
dc-circuit.
So, current flows through 2Q resistance from
left to right, given by

\% 25V 25
R+r 2+05 25
So, the potential difference across 2Q resistance
V=IR=1x2=2volt.
Since, capacitor is in parallel with 2Q resistance,
so it also has 2V potential difference across it.
As current does not flow through capacitor
branch so no potential drop will be accross 1002
resistance. The charge on capacitor

q=CV=(@4uF)x2vV=8uC

(¢) The direction of electric field is always
perpendicular to the direction of electric field
and equipotential surface maintained at high
electrostatic potential to other equipotential
surface maintained at low electrostatic potential.
The positively charged particle experiences the
electrostatic force in the direction of electric field
i.e., from high electrostatic potential to low
electrostatic potential. Thus, the work done by
the electric field on the positive charge, so
electrostatic potential energy of the positive
charge decreases because speed of charged
particle moves in the direction of field due to

force qE.
(¢) The work done (in displacing a charge
particle) by a electric force is given by
W,,=q(V,—V,). Here initial and final potentials
are same in all three cases are equal (20V) and
same charge is moving from A to B, so work
doneis (AVQq) same in all three cases.
(¢) As we know that the relation between
electric field intensity E and electric potential V
is
g
dr

dv
Electric field intensity E =0 then e 0

This imply that V = constant

Thus, E = 0 inside the charged conducting
sphere then the constant electrostatic potential
100V at every where inside the sphere and it
verifies the shielding effect also.

5.

(@) Here we have to findout the shape of
equipotential surface, these surface are
perpendicular to the field lines, so there must be
electric field which can not be without charge.
So, the collection of charges, whose total sum is
not zero, with regard to great distance can be
considered as a point charge. The equipotentials
due to point charge are spherical in shape as
electric potential due to point charge q is given
by
V=K, %
This suggest that electric potentials due to point
charge is same for all equidistant points. The
locus of these equidistant points which are at
same potential, form spherical surface.
The lines of field from point charge are radial. So
the equipotential surface perpendicular to field
lines from a sphere.
(¢) The capacitance of parallel plate capacitor
filled with dielectric of thickness d, and dielectric
constant K, is
Kig A

1 d1
Similarly, capacitance of parallel plate capacitor
filled with dielectric of thickness d, and dielectric
constant K, is

K,e A

2 d2
Since both capacitors are in series combination,
then the equivalent capacitance is

1 1 1
oG
Kig0A KyggA
GG 4 4
T T oe KigoA | KygoA
d d,
KiKyepA .
T Kydy + Kod, -

So multiply the numerator and denominator of
equation (i) with (d; +d,)
__KiKpepA (dy+dy)
(Kydy +Kody)  (dj+d,)

KKy (di+dy)  gA

= X

(KIdZ +K2d1) (dl +d2)

..(i)
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So, the equivalent capacitances is
=—— .. (i
(dy +dy)
Comparing, (ii) and (iii), the dielectric constant
of new capacitor
_ KKy (di+dy)
K1d2 + K2d1

Multiple Choice Questions (More Than One

Option correct)
(b,c,d)
The direction of electric field is perpendicular to
the equipotential surfaces. Here the electric field
is in +z direction. And the electric field is always
remain in the direction in which the potential
decreases. Its magnitude is given by the change
in the magnitude of potential per unit
displacement normal to the equipotential surface
at the point.
So, electric field in z-direction suggests that
equipotential surfaces will be the plane
perpendicular to z-axis along x-y plane.
Therefore the potential is a constant for any x
for a given z and for any y for a given z and on
the x-y plane for a given z.
(a,b,¢)
In equipotential surface, at any two point,
potential difference is zero or equal potential.
As we know that the relation between the electric
field intensity E and electric potential v is :

g 4V

dr
The electric field intensity E is inversely
proportional to the separation between
equipotential surfaces. So, equipotential
surfaces are closer in regions of large electric
fields.
The electric field intensity is larger near to sharp
edges of charged conductor due to larger charge

. [V)
densities o =| —
A

As Ais very small.

And the electric field E = K_Zq
r

So, potential or field decreases as size of body
increase or (vice-versa). Hence the equipotential
surface will more crowded if charge density (o)
increases.

(¢) Work done in displacing a charge particle
is givenby W, =q(V, —V,) and the line integral
of electrical field from point 1 to 2 gives potential

2
difference(V, - V,)= -[ Edl.
1
The charge q is moving in the electric field then
2
work done w = —q_[ (E)dl
1

For the potential on equipotential surface,
(V, = V,) =0. Hence, work done on moving a
charge is zero (w=0).

(b, ¢) As weknow,

therelation between electric field intensity E and

v
electric potential Vis E = o as E=0and for
r

V = constant.
dv
dr
Thus electric field intensity E = 0.
(a, d) When K, is closed and K, is open, the
capacitor C, gets charged by battery. Now when
K, is opened and K, is closed.
The charge stored by capacitor C, gets
redistributed between C; and C, till their
potentials become same i.e., V, =V By law of
conservation of charge, the charge stored in
capacitor C; when K is closed and K, is open
is equal to sum of charges on capacitors C; and
C, when K, is opened and K, is closed
Let charge Q on C,, which is charged by battery,
then after re-distribution of charge Q by law of
conservation of charge (Q}+Q% =Q).
(a, b) The main concept used are :
1. Thechargeresides on the outer surface ofa
closed charged conductor
2. Net charge inside the conductor is zero.
The excess charge can reside only on the
surface of conductor and inside net positive
and negative charge is zero, so any charge
can reside inside the hollow shell or body.
So, inside the solid material of conducting
body there is no charge, it comes to outer
surface.
(c,d)
Case A When K is kept closed and plates of
capacitors are moved apart using insulating
handle the space between two plates increases
then the capacitance decrease by relation
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[Cz KZ’A] and hence, the charge stored

decreases as Q = CV (potential continue to be
the same as capacitor is still connected with cell).
Case B When K is opened and plates of
capacitors are moved apart using insulating
handle, charge stored by disconnected charged
capacitor remains conserved and capacitance
decrease by moving apart plates of capacitor.
Sobyrelation Q =CV, here K is open, so charge
Q remains same in turn (V) will increase on
decreasing the capacitance.

Very Short Answer Questions

The electric potentials on spheres due to their
charge in terms of their charge densities,

So, o= i,

A

K

v- Ka

R

K K
then, V,= 24 , V= 249

R R

Since, the two spheres are at the same potential,
therefore,

Vi=V,,
So Kq, _ Kq, KqR, _ Kq,R,
R, R, 4R} 4R}
or, o R, =o,R,
G1 RZ
= G_z = R_1 (Given: R, >R,)

This imply that 5, <o,

So charge density of the smaller sphere (R,) is
more than that of the larger sphere (R).

The free electrons has negative charge that
experiences the direction of electrostatic force
is opposite to the direction of electric field. The
electric field always directed from higher
potential to lower travel.

Hence, direction of free electrons is from lower
potential to higher poetntial.

Yes, if the sizes are different.

The capacity of conductor C =%, Q is the

charge of conductor and V is the potential of
conductor. For given charge potential V oc 1/C,
so two adjacent conductors carrying the same
charge of different cross section area may have
different potentials.

Potential function does not have a maximum or
minimum in free space because the absence of
atmosphere or free space around conductor
prevents the phenomenon of electric discharge
or potential leakage.

As electric field is conservative, work done in
closed loop is always zero and it does not depend
on the nature of closed loop conservative forces
are those forces, work done by which depends
only on initial position and final position of
object charge, but not on the path through which
it goes from initial position to final position.
Hence work done in both the cases will be zero.

Short Answer Questions

Let us consider that inside the enclosed
equipotential surface the potential is not same.
Let the potential just inside the surface is
different to that of the surface causing in a

potential gradient (?) =E.
r

If E=0, so, electric field will exist from inside

surface which is equal to E = —i—v

r
The field lines pointing inwards or outwards from
the surface. These lines cannot be again on the
equipotential surface. It is possible only when
the other end of the field lines are originated
from the charges inside.

Which contradicts the original assumption.
Hence, the entire volume inside must be
euipotential surface has no charge.

The capacitance of the parallel plate capacitor,
filled with dielectric medium of dielectric
constant K is

Ke A
- d
Where ‘K’ is positive and more then one

El

So, by removing dielectric medium from
capacitor keeping A and d constant. So,
capacitance of capacitor will decrease, K= 1.
When battery and dielectric slab removed from
capacitor, then charge stored will remain the same
as due to conservation of charge.

2

The energy stored in charge capacitor V = ;—C,
where, q is constant, energy stored V oc 1/C and
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C decreases with the removal of dielectric
medium, therefore energy stored in capacitor will
increases. Since q is constant and V =q /C and
C decreases which in turn potential (V) will
increase and therefore E increases as E = V/d.
The distance between plote of capacitor is same
and potential is increase. So electric field
between the plates of capacitor will increase.

The main concept used is the electric field

dv . .
E = that suggest the electric potential

decreases along the direction of electric field.
Consider a charged conductor and an insulated
uncharged conductor.

Now take any path from the charged conductor
to the uncharged conductor along the direction
of electric field. So, the electric potential decrease
along this path from a charge conductor body
to infinity.

Now, another path from the uncharged
conductor to infinity will again continually lower
the potential further. This ensures that the
uncharged body must be intermediate in
potential between that of the charged body and
that of infinity.

Let us consider a ring of radius (R = a) having
charge Q, distributed uniformly over a ring.
Now take a point P to be at a distance z from the
centre of the ring or perpendicular to plane of
ring as shown in figure. The charge element dq
is at a distance z from point P. So, V can be

written as
d
V_qu kj'\/i r=vz% +a?)
where, k = e since each element dq is at
e

0
the same distance from point P, so we have net

potential

Considering —q charge at P, the potential energy
is
U= W = q x potential difference

_ keQ(_q)

2t +a’
or. U= L
’ 4ne, \/z? +a’

b -Qq
4me a 72\
1+()
a

=S, a new constant

Qq

4ne,a

Let,
-S

o z>>>a,72>>>a%atz=0(U=-S)
L

Then, U=

=z —>z
v -y

Hence, the variation of potential energy with z
is shown in the figure. The charge —q displaced
would perform oscillations.

Let us consider a ring of radius (R =
charge Q, distributed uniformly.
Now take point P to be at a distance x from the
centre of the ring or perpendicular to plane of
ring as shown in figure. The charge element dq
is at a distance x from point P. Therefore, V can
be written as

a) having

d
VR
r=(x*+a%))

Where, k, = , thus each element dq is at

4me,
the same distance from point P, so we get the
net potential is:

Jx — - Jx e
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Hence, the net electric potential
1 Q
Ve 4me, \/x? +a’
Long Answer Questions

Consider a cylindrical Gaussian surface of radius
roand length /.

&
<

v

f!
l

o ANnA
R0 o 8 B S S PR

L 4

27l 1
[ Eds ==
0 &o
Then, applying Gauss's theorem

So, [E Scos]™ = g

0

E 2nrlcos0° = ﬂ ,

O,
80
E 2ml= LM (" cosB=1)
80
So, E.= A
2mer

As given r, is the radius of infinite cylinder,

So,  V()-V(r)=— [Edl log, 2
o, r)—-V(,)=—|Edl = e
0 ;'. 2me, & r
r A 1
Since, J. dr = dr
T 21e(r 2mgp 'o T
M e &
27'[80 ge r()
Fora givenV,

g, H =R (- V()]

Ip

r= 1o 20V e 4 2me o V(1))
—ZKEO[V(I)—V(rO)/X}

This is the required equations of equipotentials.

2. Consider the required plane lies at a distance x
from the origin as shown in figure.

\%

r=1y€

A
P (X,Y,0
¥ ( )

h

(0,0,0) \9
(d/2, 0, 0)

x4

+q
(-d;2,0,0) O

N
Y

The potential at the point P
1 q 1 q
750 (v a/2f 0] sy [(x-d/2)>+1?]
1 - 1
[(x+d/2)2 +h? T/z [(x —d/2)2 +h2]1/2

or (x—d2)2+h? =(x+d/2)2+h?
x2—dx+d¥/4 =x2+dx+d%/4

12 =0

or, 2dx=0

x=0
This equation of the required planeisx=01i.e.,y
—zplane.

Let C is the capacitance of the capacitor (C)
without the dielectric, then the charge on the
capacitor is Q; = CU where U is the final
potential of the capacitor.
Ifthe capacitor filled with the dielectric € has a
capacitance ¢C. Hence, the charge on the
capacitor is
Q,=¢eCU=(al) CU=0CU?
(.. e=al)
The initial charge on the capacitor is given by
Qy=CU,
From the conservation of charges, Q,=Q; +Q,
or, CU,=CU+aCU?
aU?+U-U,=0,

o eI+ dal,

20
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Putting U, =78 V and o = 2 per volt, we get
_ —1+4625
4
_—1#25
4

:ﬁ=6Volt
4

Let initially the disc is in touch with the bottom
plate, so the entire plate is a equipotential.

The Magnitude of electric field E on the disc
(when potential difference V) is applied between
plates of capacitor is :

Vv —dVv
- — S E=—
E=4 [ dr}

Let charge q' is transferred to the disc during
the process.
Therefore by Gauss’ theorem,

pEds =L
0

'= +¢ Xm‘2
q 074

Electrostatic repulsive force acting on disc in
upward direction.
So. F=d'E= chrzs - = —271',1‘2 €

) q d Y 2 0

d
The repulsive force acting on the disc will be
balanced by weight (mg).
€ ?TCI' =mg

Ifthe disc s to be lifted, then the minimum voltage

Vo mgdz
ngor

This is the required expression.
(@) Aswe know that the potential energy i.e.

U: quqZ K: 1
ro 4me,

This system is made up of three charges
shown in figure.

P(q,)
r r
A s B
(qq) (qq)

The potential energy of the system is equal
to the algebraic sum of PE of each pair. So,

1 {qdqd_quqd_quqd}
4ng,

r r r
(Taking sign of charge)
1
qq~= 5 c
2
4= 3¢

2 16X 10 BR - @BY1/3)

107"
-(23)(173)}]

1 4
=2.304 x 013 {5—5} =768 x10714]

=4.8%10%eV =048 meV

=5.11 % 10~ (m,c?)
() PE. of proton consists of 2 upward and
1 downward quark.

1
As given that, r =101 m, qQ4= +§e, q,= Ee

(a9)

T T
(q,) r (q,)

SoU | (quxqu) L 9(-a)  9u(-4)
TP | 4mg N dng,r  dmer
_ % _ _

a 4n80r[q“ qu] 0

Let the charges on two metal spheres are Q,
and Q, before coming in contact, then the
charges are,
Q, = c4nR?
(..o = surface charge density same for both
sphere)
Q, =c.4n(2R?)=4(c AnR?)=4Q,
Let the charges on two metal spheres, after
coming in contact becomes Q'; and Q',.
Now applying law of conservation of charges is
Q7Q,=Q7Q
=5Q,=5(c.4nR?)
After coming in contact, they acquire equal
potentials. So, we get

Q10
4ne, R 4mg; R
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Putting the value of Q} and Q;, in above equation.

' S 2
Q)= 3 (c4mR?)

10
and Q,= ?(G.4TER2)
5
o8 e and
5
Gy —EG

In the given circuit when, K, is closed and K, is
open, the capacitors C; and C, will charge and
potential difference develops accross V, and
V, respectively. So, we have

V,+V,=E
or V,+V,=9V e (1)
Also, in series combination ,
q
V= —
C
or, Vo 1/C
MG
v, G
11
Vl : V2 = gg

3V,=6V,,(V,=2V))
Putting with the value of V,, in equation (i) then
V,+2V,=9
3V,=9,V,=3V
then, V,=6V
S0, Q,=C,V,=6Cx3=18uC
Q,=C,V,=3x6
=18uC (-.a=1pb
and Q;=0
Then, K, was opened and K,, was closed, the
parallel combination of C, and Cj is in series
with C,.
Q=Q,+ Qs
and considering common potential of parallel
combination as V. then we get :
G V+CV=Q,

Q 18
C,+C;, 3C+3C

V= =3 Volt

Onsolving, Q,=C,V=3Cx3=9uC

and Q;=C3V=3Cx3=9uC
Consider a point P lies at a distance x from the
centre of the disk or perpendicular to the plane
of disc. Let the disc is divided into a number of
charged rings as shown in figure.

The electric potential of each ring, of radius r
and thickness dr, have charge dq is

6 dA = o2 mdr
and potential is dv due to ring at point P, will be
~ K.dq

r

dv

dq is the charge on the ring = ¢.area of ring
dq=—(n(r+dr)? —mr?]
=—n(r+ dr)2—1?]
dq = on[r?+ dr? +2rdr —r?]
Because dr is very small therefore dr? is
negligible, so
dq = (2nrodr)

k.d
and, dV= = =y +x%)
N
_ k,02mrdr

(.. dq = 2nrodr)

where k, = the total electric potential at
e,

P is
2rdr

v= mk.c

¢ ()\/r2 +X2

a
= ko[ +x*) V7 orar
0

V= 2nkec[(x2 + a2)1/2 —x}
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So, we have by substring
1
4me,

! %[\sz +a’ —X:|

47580 a

c

So, vo_ L 20[ [T R ]

0,0,d)
Ay

G #

oA ;
I
I

e
0,0,0) ¢/ 29 S X

a# V¥ (0,0,-d)
=Y

V—z
As shown in figure above any arbitrary point
on the required plane is (X, y, z). The two charges
lies on z-axis at a separation of 2d.
Let potential at the point P due to two charges is
zero then

V,+V,=0

kq, kq,
2 + 2
\/x2+y2+(z—d) \/x2+y2+(z+d)

q, _ 9

\/>(2+y2+(z—d)2 \/xz+y2+(z+d)2

qQ —,Ixz+y2+(z—d)2
9 VX +Y +(z+d)

On squaring both sides and using — :%
a

x+a y+b
Xx—a y-b

Then simplifying, we get

(ql/q2)2 +1

— |(2zd)+d* =0
(ql/qZ) _ljl ’

x2+y2+z2+[

10.

This is the equation of a sphere with centre at
(a, b, ¢) are required. Point is on z-axies so
a4 +9;
a=0,b=0andz=2d| 2 >
9 — 9

2 2
So, [o, 0,—2d{q12 +q§D
4 =49

Where as, the centre and radius of sphere
(x—a)2+(y—b)2+(z—c)>=r% is(a,b,c) andr
respectively.

As shown in figure (Question) above third
charge +q is slightly displaced from mean
position towards first charge. So, the total
potential energy of the system is

2 )

oo ! { ¢ , }(,',U:kqlqz}
4rg, ((d—x) (d+x))’ I
- 2

4, (47 -x?)

dU —-q’2d 2x
dx  4mg, (g2 - X2)2
The equilibrium of (+q) is at P at the distance x

from mid point of line joining two charges. Then,
the system will be in equilibrium, if

0]

- -
F dx

On solving, x = 0. So for, +q charge to be in
stable/unstable equilibrium, finding second
derivative of PE.

d2u —quz\[ 2

dx? \ 4ng
2
:(‘2‘1‘1) 1 3[2(d2—x2)2—8x2}
4ng (dz_xz)
At, x=0
d’v (—2dq2\( 1) L
= | WOJ Y (2d?), which is < 0.

This shows that system will be unstable
equilibrium.
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Chapter Three

CURRENT
ELECCTIRICITY

SUMMARY

1. Current through a given area of a conductor is the net charge passing
per unit time through the area.

2. To maintain a steady current, we must have a closed circuit in which
an external agency moves electric charge from lower to higher potential
energy. The work done per unit charge by the source in taking the
charge from lower to higher potential energy (i.e., from one terminal
of the source to the other) is called the electromotive force, or emf, of
the source. Note that the emf is not a force; it is the voltage difference
between the two terminals of a source in open circuit.

3. Ohm’s law: The electric current I flowing through a substance is
proportional to the voltage V across its ends, i.e., Ve [ or V = RI,
where Ris called the resistance of the substance. The unit of resistance
is ohm: 12 =1 VA,

4. The resistance R of a conductor depends on its length [ and constant
cross-sectional area A through the relation,

Rl
A

where p, called resistivity is a property of the material and depends on

temperature and pressure.

5. Electrical resistivity of substances varies over a very wide range. Metals
have low resistivity, in the range of 10® Q m to 10 Q m. Insulators
like glass and rubber have 10%* to 10** times greater resistivity.
Semiconductors like Si and Ge lie roughly in the middle range of
resistivity on a logarithmic scale.

6. In most substances, the carriers of current are electrons; in some
cases, for example, ionic crystals and electrolytic liquids, positive and
negative ions carry the electric current.

7. Current density j gives the amount of charge flowing per second per
unit area normal to the flow,
j=nqu,
where n is the number density (number per unit volume) of charge
carriers each of charge g, and v, is the drift velocity of the charge
carriers. For electrons q = - e. If j is normal to a cross-sectional area
A and is constant over the area, the magnitude of the current I through
the area is nev, A.
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10.

11.

12.

13.

14.

15.

Electricity

Current

Using E = V/1, I = nev, A, and Ohm'’s law, one obtains

eE  ne’

—=p——Uq

m m
The proportionality between the force eE on the electrons in a metal
due to the external field E and the drift velocity v, (not acceleration)
can be understood, if we assume that the electrons suffer collisions
with ions in the metal, which deflect them randomly. If such collisions

occur on an average at a time interval 7,
v, = ar=eEt/m
where a is the acceleration of the electron. This gives

o= m
ne’r

In the temperature range in which resistivity increases linearly with

temperature, the temperature coefficient of resistivity ¢ is defined as

the fractional increase in resistivity per unit increase in temperature.

Ohm’s law is obeyed by many substances, but it is not a fundamental

law of nature. It fails if

(a) Vdepends on I non-linearly.

(b) the relation between V and I depends on the sign of Vfor the same
absolute value of V.

(c) The relation between V and I is non-unique.

An example of (a) is when p increases with I (even if temperature is

kept fixed). A rectifier combines features (a) and (b). GaAs shows the

feature (c).

When a source of emf ¢ is connected to an external resistance R, the

voltage V,  across Ris given by

£
Veu = IR = R+r R
where ris the internal resistance of the source.
(a) Total resistance R of n resistors connected in series is given by
R=R +R,+...+ R,
(b) Total resistance R of nresistors connected in parallel is given by

1.1 .1, 1
R°R'R R
Kirchhoff's Rules —

(a) Junction Rule: At any junction of circuit elements, the sum of
currents entering the junction must equal the sum of currents
leaving it.

(b) Loop Rule: The algebraic sum of changes in potential around any
closed loop must be zero.

The Wheatstone bridge is an arrangement of four resistances - R, R,,

R;, R, as shown in the text. The null-point condition is given by

B_%

R, R,

using which the value of one resistance can be determined, knowing
the other three resistances.

The potentiometer is a device to compare potential differences. Since
the method involves a condition of no current flow, the device can be
used to measure potential difference; internal resistance of a cell and
compare emfs of two sources.
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Physical Quantity

Electric current
Charge

Voltage, Electric
potential difference

Electromotive force
Resistance
Resistivity

Electrical
conductivity

Electric field
Drift speed

Relaxation time

Current density

Mobility

126

Symbol Dimensions Unit Remark
I [A] SI base unit
Q.q [T Al ©
%4 ML*T°A™ \% Work/charge
€ ML*T®A™"] v Work/charge
R M L*TA7 Q R=V/I
p ML*T*A? Qm R = pl/A
c M L°T*A% S o=1/p
E IMLT®AY Vm! Electric force
charge
v, [L T ms’ Ud:eEr
m
T [T] s
j L2 A] Am? current/area
u MLT*A"]  m*V's™ v,/E
POINTS TO PONDER

Current is a scalar although we represent current with an arrow.
Currents do not obey the law of vector addition. That current is a
scalar also follows from it’s definition. The current I through an area
of cross-section is given by the scalar product of two vectors:
I=j-AS

where j and AS are vectors.

Refer to V-I curves of a resistor and a diode as drawn in the text. A
resistor obeys Ohm’s law while a diode does not. The assertion that
V = IR is a statement of Ohm’s law is not true. This equation defines
resistance and it may be applied to all conducting devices whether
they obey Ohm’s law or not. The Ohm’s law asserts that the plot of I
versus Vis linear i.e., R is independent of V.

Equation E = p j leads to another statement of Ohm’s law, i.e., a
conducting material obeys Ohm’s law when the resistivity of the
material does not depend on the magnitude and direction of applied
electric field.

Homogeneous conductors like silver or semiconductors like pure
germanium or germanium containing impurities obey Ohm'’s law
within some range of electric field values. If the field becomes too
strong, there are departures from Ohm’s law in all cases.

Motion of conduction electrons in electric field E is the sum of (i)
motion due to random collisions and (ii) that due to E. The motion
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Current
Electricity

due to random collisions averages to zero and does not contribute to
v, (Chapter 11, Textbook of Class XI). v, , thus is only due to applied
electric field on the electron.

The relation j = p v should be applied to each type of charge carriers
separately. In a conducting wire, the total current and charge density
arises from both positive and negative charges:

j=pv.+p v

P=p.tp

Now in a neutral wire carrying electric current,

P.=—P

Further, v, ~ 0 which gives

p=0

j=pv

Thus, the relation j = p v does not apply to the total current charge
density.

Kirchhoff's junction rule is based on conservation of charge and the
outgoing currents add up and are equal to incoming current at a
junction. Bending or reorienting the wire does not change the validity
of Kirchhoff's junction rule.

EXERCISES

The storage battery of a car has an emf of 12 V. If the internal
resistance of the battery is 0.4 Q, what is the maximum current
that can be drawn from the battery?

A battery of emf 10 V and internal resistance 3 Q is connected to a

resistor. If the current in the circuit is 0.5 A, what is the resistance

of the resistor? What is the terminal voltage of the battery when the
circuit is closed?

(a) Three resistors 1 Q, 2 Q, and 3 Q are combined in series. What is
the total resistance of the combination?

(b) If the combination is connected to a battery of emf 12 V and
negligible internal resistance, obtain the potential drop across
each resistor.

(a) Three resistors 2 Q, 4 Q and 5 Q are combined in parallel. What

is the total resistance of the combination?

If the combination is connected to a battery of emf 20 V and

negligible internal resistance, determine the current through

each resistor, and the total current drawn from the battery.

At room temperature (27.0 °C) the resistance of a heating element

is 100 Q. What is the temperature of the element if the resistance is

found to be 117 Q, given that the temperature coefficient of the
material of the resistor is 1.70 x 107 °C™".

A negligibly small current is passed throu%h a wire of length 15 m

and uniform cross-section 6.0 x 10”7 m”, and its resistance is

measured to be 5.0 Q. What is the resistivity of the material at the
temperature of the experiment?

A silver wire has a resistance of 2.1 Q at 27.5 °C, and a resistance

of 2.7 Q at 100 °C. Determine the temperature coefficient of

resistivity of silver.

A heating element using nichrome connected to a 230 V supply

draws an initial current of 3.2 A which settles after a few seconds to

(b
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3.9

3.11

3. 14

a steady value of 2.8 A. What is the steady temperature of the heating
element if the room temperature is 27.0 °C? Temperature coefficient
of resistance of nichrome averaged over the temperature range
involved is 1.70 x 107 °C™".

Determine the current in each branch of the network shown in
Fig. 3.30:

10Q 10v

FIGURE 3.30

(a) In a metre bridge [Fig. 3.27], the balance point is found to be at
39.5 cm from the end A, when the resistor Y is of 12.5 Q.
Determine the resistance of X. Why are the connections between
resistors in a Wheatstone or meter bridge made of thick copper
strips?

(b) Determine the balance point of the bridge above if X and Y are
interchanged.

(c) What happens if the galvanometer and cell are interchanged at
the balance point of the bridge? Would the galvanometer show
any current?

A storage battery of emf 8.0 V and internal resistance 0.5 Q is being

charged by a 120 V dc supply using a series resistor of 15.5 Q. What

is the terminal voltage of the battery during charging? What is the
purpose of having a series resistor in the charging circuit?

In a potentiometer arrangement, a cell of emf 1.25 V gives a balance

point at 35.0 cm length of the wire. If the cell is replaced by another

cell and the balance point shifts to 63.0 cm, what is the emf of the
second cell?

The number density of free electrons in a copper conductor

estimated in Example 3.1 is 8.5 X 10** m™. How long does an electron

take to drift from one end of a wire 3.0 m long to its other end? The

area of cross-section of the wire is 2.0 x 10° m? and it is carrying a

current of 3.0 A.

ADDITIONAL EXERCISES

The earth’s surface has a negative surface charge density of 10 C
m2. The potential difference of 400 kV between the top of the
atmosphere and the surface results (due to the low conductivity of
the lower atmosphere) in a current of only 1800 A over the entire
globe. If there were no mechanism of sustaining atmospheric electric
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field, how much time (roughly) would be required to neutralise the

earth’s surface? (This never happens in practice because there is a

mechanism to replenish electric charges, namely the continual

thunderstorms and lightning in different parts of the globe). (Radius

of earth = 6.37 x 10° m.)

3.15 (a) Six lead-acid type of secondary cells each of emf 2.0 V and internal
resistance 0.015 Q are joined in series to provide a supply to a
resistance of 8.5 Q. What are the current drawn from the supply
and its terminal voltage?

(b) A secondary cell after long use has an emf of 1.9 V and a large
internal resistance of 380 Q. What maximum current can be drawn
from the cell? Could the cell drive the starting motor of a car?

3.16 Two wires of equal length, one of aluminium and the other of copper

have the same resistance. Which of the two wires is lighter? Hence

explain why aluminium wires are preferred for overhead power cables.

(py = 2.63 x 10° Qm, p,, = 1.72 x 10° Qm, Relative density of

Al=2.7,0f Cu=89)

3.17 What conclusion can you draw from the following observations on a

resistor made of alloy manganin?

0.2 3.94 3.0 59.2
0.4 7.87 4.0 78.8
0.6 11.8 5.0 98.6
0.8 15.7 6.0 118.5
1.0 1)/ 7.0 138.2
2.0 39.4 8.0 158.0

3.18 Answer the following questions:

(a) A steady current flows in a metallic conductor of non-uniform
cross-section. Which of these quantities is constant along the
conductor: current, current density, electric field, drift speed?

(b) Is Ohm'’s law universally applicable for all conducting elements?
If not, give examples of elements which do not obey Ohm’s law.

(c) A low voltage supply from which one needs high currents must
have very low internal resistance. Why?

(d) A high tension (HT) supply of, say, 6 kV must have a very large
internal resistance. Why?

3.19 Choose the correct alternative:

(a) Alloys of metals usually have (greater/less) resistivity than that
of their constituent metals.

(b) Alloys usually have much (lower/higher) temperature
coefficients of resistance than pure metals.

(c) The resistivity of the alloy manganin is nearly independent of/
increases rapidly with increase of temperature.

(d) The resistivity of a typical insulator (e.g., amber) is greater than
that of a metal by a factor of the order of (10%2/10%).

3.20 (a) Given n resistors each of resistance R, how will you combine
them to get the (i) maximum (ii) minimum effective resistance?
What is the ratio of the maximum to minimum resistance?
Given the resistances of 1 Q, 2 Q, 3 Q, how will be combine them
to get an equivalent resistance of (i) (11/3) @ (ii) (11/5) Q, (iii) 6
Q, (iv) (6/11) Q?

Determine the equivalent resistance of networks shown in
Fig. 3.31.

b

(c
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(b)
FIGURE 3.31

3.21 Determine the current drawn from a 12V supply with internal
resistance 0.5Q by the infinite network shown in Fig. 3.32. Each
resistor has 1Q resistance.

10 10 10 10 10
10 (12V,
0.50)
10 10 10 10 10
FIGURE 3.32

3.22 Figure 3.33 shows a potentimeter with a cell of 2.0 V and internal
resistance 0.40 Q maintaining a potential drop across the resistor
wire AB. A standard cell which maintains a constant emf of 1.02 V
(for very moderate currents upto a few mA) gives a balance point at
67.3 cm length of the wire. To ensure very low currents drawn from
the standard cell, a very high resistance of 600 kQ is put in series
with it, which is shorted close to the balance point. The standard
cell is then replaced by a cell of unknown emf ¢ and the balance
point found similarly, turns out to be at 82.3 cm length of the wire.

‘2V 0.40
|

|
[
600 kO

FIGURE 3.33

(a) What is the value €?

130 (b) What purpose does the high resistance of 600 kQ have?
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(c) Is the balance point affected by this high resistance?

(d) Would the method work in the above situation if the driver cell
of the potentiometer had an emf of 1.0V instead of 2.0V?

(e) Would the circuit work well for determining an extremely small
emf, say of the order of a few mV (such as the typical emf of a
thermo-couple)? If not, how will you modify the circuit?

Figure 3.34 shows a 2.0 V potentiometer used for the determination
of internal resistance of a 1.5 V cell. The balance point of the cell in
open circuit is 76.3 cm. When a resistor of 9.5 Q is used in the external
circuit of the cell, the balance point shifts to 64.8 cm length of the
potentiometer wire. Determine the internal resistance of the cell.

‘ | 20V

FIGURE 3.34

131
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Chapter 3:- Current Electricity

Multiple Choice Questions (MCQs)

Consider a current carrying wire (current I) in

the shape of a circle.

(a) source of emf

(b) electric field produced by charges
accumulated on the surface of wire

(c) the charges just behind a given segment of
wire which push them just the right way by
repulsion

(d) the charges ahead

Two batteries of emf ¢, and &,(¢, > ¢,) and

internal resistances r, and r, respectively are

connected in parallel as shown in figure.

(a) Two equivalent emf &, . of the two cells is
between g, and ¢,,i.e., €, < Eeq <&

(b) Theequivaent emf €y, 15 smaller than g,

(c) The €eq is given by Eeq= &1 18, always

(d) Eeq is independent of internal resistances r;
andr,

I

A resistance R is to be measured using a meter

bridge, student chooses the standard resistance

Sto be 100Q2. He finds the null pointat /, =2.9 cm.

He is told to attempt to improve the accuracy.

Which of the following is a useful way?

(a) He should measure I; more accurately

(b) He should change 5 to 1000Q2 and repeat
the experiment

(c) He should change S to 3Q and repeat the
experiment

(d) Heshould given up hope of a more accurate
measurement with a meter bridge

Two cells of emfs approximately 5 Vand 10 V are

to be accurately compared using a potentiometer

oflength 400 cm.

(a) The battery that runs the potentiometer
should have voltage of 8V

1.

(b) The battery of potentiometer can have a
voltage of 15 V and R adjusted so that the
potential drop across the wire slightly
exceeds 10 V

(c) The first portion of 50 cm of wire itself
should have a potential drop of 10 V

(d) Potentiometer is usually used for comparing
resistances and not voltages

A metal rod of length 10 cm and a rectangular

. 1 .
cross-section of lcm x E cm is connected to a

battery across opposite faces. The resistance
will be
(a) maximum when the battery is connected

1
across 1 cm x 5 cm faces

(b) maximum when the battery is connected
across 10 cm x 1 cm faces

(c) maximum when the battery is connected

1
across 10 cm x 5 cm faces

(d) same irrespective of the three faces

Which of the following characteristics of
electrons determines the current in a conductor?
(a) Drift velocity alone

(b) Thermal velocity alone

(c) Both drift velocity and thermal velocity

(d) Neither drift nor thermal velocity

Multiple Choice Questions (MCQs)

(More than one option correct)

Kirchhoft’s junction rule is a reflection of

(a) conservation of current density vector

(b) conservation of charge

(c) the fact that the momentum with which a
charged particle approaches a junction is
unchanged (as a vector) as the charged
particle leaves the junction

(d) the fact that there is no accumulation of
charges at a junction
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Consider a simple circuit shown in figure stands
for a variable resistance R'. R' can vary from R,
to infinity, r is internal resistance of the battery
(r<<R<< R0)~

(ol

[\
A B

/

p

(a) Potential drop across AB is nearly constant
as R’ is varied

(b) Current through R’is nearly a constant as R’
is varied

(c) Current I depends sensitively on R’

d 1> always

r+
Temperature dependence of resistivity p(T) of
semiconductors, insulators and metals is
significantly based on the following factors
(a) number of charge carriers can change with
temperature T
(b) time interval between two successive
collisions can depend on T
(c) length of material can be a function of T
(d) mass of carriers is a function of T
The measurement of an unknown resistance R
is to be carried out using. Wheatstones bridge
as given in the figure below. Two students
perform an experiment in two ways. The first
students takes R, =10Q and R, = 5Q. The other
student takes R, = 1000Q2 and R = 500€Q2. In the
standard arm, both take Ry = 5Q.

Both findR = % , Ry = 10Q within errors.
1

(a) The errors of measurement of the two
students are the same

(b) Errors of measurement do depend on the
accuracy with which R, and R, can be
measured

(c) Ifthe student uses large values of R, and R,
the currents through the arms will be feeble.
This will make determination of null point
accurately more difficult

(d) Wheatstone bridge is a very accurate
instrument and has no errors of measurement

In a meter bridge, the point D is a neutral point

(figure).

(a) The meter bridge can have no other neutral.
A point for this set of resistances

(b) When the jockey contacts a point on meter
wire left of D, current flows to B from the wire

(c) When the jockey contacts a point on the
meter wire to the right of D, current flows
from B to the wire through galvanometer

(d) When R isincreased, the neutral point shifts
to left

j——ie)

Very Short Answer Questions

1.

Is the motion of a charge across junction
momentum conserving? Why or why not?

The relaxation time 7 is nearly independent of
applied E field whereas it changes significantly
with temperature T. First fact is (in part)
responsible for Ohm’s Law whereas the second
fact leads to variation of p with temperature.
Elaborate why?

What are the advantages of the null-point
method in a Wheatstone bridge? What
additional measurements would be required to
calculate R = by any other methmd?
What is the advantage of using thick metallic
strips to join wires in a potentiometer?

For wiring in the home, one uses Cu wires or AL
wires. What considerations are involved in this?
Why are alloys used for making standard
resistance coils?

Power P is to be delivered to a device via
transmission cables having resistance R . If V'is
the voltage across R and I the current through
it, find the power wasted and how can it be
reduced.

ABiis a potentiometer wire (figure). Ifthe value
of R is increased, in which direction will the
balance point J shift?
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While doing an experiment with potentiometer
(figure) it was found that the deflection is one
sided and (i) the deflection decreased while
moving from one and A of the wire, to the end R;
(i1) the deflection increased, while the jockey was
moved towards the end D.

E
’—{ F—o——]
A B
S
(i) Which terminal positive or negative of the
cell E, is connected at X in case (i) and how
isE, related to E?
(i) Which terminal ofthe cell E, is connected at
Xincase (lin1)? ,
A cell of emf E and internal resistance r is
connected across an external resistance R. Plot

a graph showing the variation of potential
differential across R, versus R.

Short Answer Questions

First a set of n equal resistors of R each are
connected in series to a battery of emf E and
internal resistance R, A current I is observed to
flow. Then, the n resistors are connected in
parallel to the same battery. It is observed that
the current is increased 10 times. What is ‘n’ ?
Let there be n resistors R,... R, with
R =max(R;..R)andR , =min{R,..R }.
Show that when they are connected in parallel,
the resultant resistance R =R . and when they
are connected in series, tﬁe resultant resistance
R >R, .. Interpret the result physically.
The circuit in figure shows two cells connected
in opposition to each other. Cell E,is ofemf6V
and internal resistance 202 the cell E, is of emf
4V and internal resistance 8CQ. Find the potential
difference between the points A and B.

|_/ﬁ\_| B

E, E, {

Two cells of same emf E but internal resistance
r, and r, are connected in series to an external
resistor R (figure). What should be the value of
R so that the potential difference across the
terminals of the first cell becomes zero?

A B

e

E E
N

R

Two conductors are made of the same material
and have the same length. Conductor A is a solid
wire of diameter Imm. Conductor B is a hollow
tube of outer diameter 2 mm and inner diameter
I mm. Find the ratio of resistance R, toRy,.
Suppose there is a circuit consisting of only
resistances and batteries. Suppose one is to
double (or increase it to n-times) all voltages
and all resistances. Show that currents are
unaltered. Do this for circuit of ExampLes 3,7 in
the NCERT Text Book for Class XII.

Long Answer Questions

Two cells of voltage 10V and 2V and internal
resistances 10Q2 and 5Q respectively, are
connected in parallel with the positive end of
10V battery connected to negative pole of 2V
battery (figure). Find the effective voltage and
effective resistance of the combination.

R
WWA
A\
| AAAA
I, 50
10V
| —ww
I 100

A room has AC run for 5 a day at a voltage of
220V. The wiring of the room consists of Cu of 1
mm radius and a length of 10m. Power
consumption per day is 10 commercial units.
What fraction of it goes in the joule heating in
wires? What would happen ifthe wiring is made
of aluminium of the same dimensions?

[pe,=1.7%108Qm, p, =2.7x 108 Qm]
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In an experiment with a potentiometer,
V= 10V. R is adjusted to be 50Q2 (figure). A
student wanting to measure voltage E, of a
battery (approx. 8V) finds no null point possible.
He then diminishes R to 10Q and is able to locate
the null point on the last (4th) segment of the
potentiometer. Find the resistance of the
potentiometer wire and potential drop per unit
length across the wire in the second case.

E
E, L A
2
B
Eg—
< N1
AR

(o) C

>

(a) Consider circuit in figure. How much energy
is absorbed by electrons from the initial state
ofno current (Ignore thermal motion) to the
state of drift velocity ?

—N\N‘ﬁ”

(b) Electrons give up energy at the rate of RI?
per second to the thermal energy. What time
scale would number associate with energy
in problem (a)? n = number of electron/
volume = 10?°/m?>. Length of circuit= 10 cm
cross-section = A = (1 mm)?.

NCERT EXEMPLAR SOLUTIONS

Multiple Choice Questions (MCQs)
() As we know, electric current per unit area

I/A, is called current densityji.e., j= %

The SI units of the current density are A/m?.
The current density is also directed along E
and is also a vector and the relationship is
j=oE
Current density changes due to electric field
produced by charges accumulated on the
surface of wire.
(@) Aswe know the equivalent emf (g, q) in the
parallel combination
e tEn
“onn
So according to formula the equivalent emf'e_ q
of the two cells in parallel combination is
between ¢, and ¢,. Thus (¢, <g_ <&,).
(c) Adjusting the blance point near the middle
of the bridge, i.e.. when /, is close to 50 cm.
requires a suitable choice of S, R is unknown
resistance :

1nce, S

~ R(100-4)

R /

N S
S~ 100—/

/
or R=S L
100

e 22]

97.1
So, here, R : S=2.9:97.1 implies that the S is
nearly 33 times to that of R. In orded to make
thisratio 1 : 1 it isnecessary to reduce the value

of S nearly 31—3 times i.e., nearly 3 Q,

() The potential drop across wires of
potentiometer should be more than emfs of
primary cells. Here, values of emfs of two cells
are given as 5V and 10V, so the potential drop
along the potentiometer wire must be more than
10V. So battery should be of 15V and about 4V
potential is droped by using variable resistance.
(@) As we known that the resistance of wire is
R /

P A
For maximum value of R, / must be higher and A
should be lower and it is possible only when the
battery is connected across area of cross section

3)
=lcmx| — |cm.
2
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(@) We know that the relationship between
current and drift speed is

[=ne Av,
Where, I is the current and V; is the drift velocity.
So, Loc Vg

Hence, only drift velocity determines the current
in a conductor.

Multiply Choice Questions (More Than One

Options)
(b,d)
According to Kirchhoff’s junction rule or current
law the algebraic sum of the currents flowing
towards any point in an electric network is zero
i.e., charges are conserved in an electric network,
and no any charges accumulate at junction as
the sum of entering and outgoing charge are
equal at any time interval.
So, Kirchhoff’s junction rule is the reflection of
conservation of charge.
(a,d)
In parallel combination of resistances, the
equivalent resistance is smaller than smallest
resistance (R) present in combination.
Here, the potential drop is taking place across
AB and r. Since the equivalent resistance of
parallel combination of R and R' is always less

than R, so, 1>

(a,b)
As we know that, the resistivity of a metallic

always
r+R v

m

conductor is

(p)=

where n is number of charge carriers per unit
volume which can change with temperature T
and 7 is time interval between two successive
collisions which decreases with the increase of
temperature, so it will affect (p) resistivity.

(b, ¢) As given that,

Resistance for first student, R, =50, R, =100,
R;=5Q

Resistance for second student, R, = 5000,
R,=10009, R,=5Q

Now, according to Wheatstone bridge balanced
condition,

% = & or R=R; x&

3 1

ne’t

Now putting all the values in Eq. (i), we get
R =10Q for both students. Thus, we can analyse
that the Wheatstone bridge is most sensitive
and accurate if resistances are of same value. So
the results of both students depend on the
accuracy of resistances used.
When R, and R, are larger, the currents through
galvanometer becomes very weak. It can make
the determination of null point accurately more
complex.
(a, ¢) As we know that, the principal of meter
bridge

R L

s (100-L)

When Jockey is at D, the current does not flow
through galvanometer. So the potential at B and
D are equal. The point D is unique to get null
point.

At neutral point, potential at B and neutral point
are same. When jockey is placed at to the right
of D, the potential drop across AD is more than
potential drop across AB, which brings the
potential of point D less than that of B, hence
current flows from B to D.

Very Short Answer Questions

When a free electron approaches to a junction,
in addition to the uniform electric field E facing
it normally that keep thedrift velocity fixed. And
the drift velocity depend on E, e, T, m by the
relation drift velocity
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Then the result into accumulation of charges on
the surface of wires at the junction. Which will
affect the drift velocity because, it produce
additional electric field. These fields change the
direction of momentum.

Hence, the motion of a charge across junction is
not momentum conserving.

Relaxation time (t) is inversely proportional to
the velocities electrons and ions. The applied
electric field produces the insignificant change
in drift velocities of electrons at the order of
Imm/s, whereas the change in temperature (T),
afectsvelodities at the order of 107mys.

As, the drift velocity increase, this decreases
the relaxation time considerably in metals and
consequently resistivity of conductor increases
as

m

|

6 ne’t
As we know that the necessary and sufficient
condition for balanced Wheatstone bridge is

p:

Q S
where P and Q are ratio arms and R is known
resistance and S is unknown resistance.
The main advantage of null point method in a
Wheatstone bridge is that the resistance of
galvanometer does not affect the balance point,
there is no need to determine current in
resistances and the internal resistance of a
galvanometer.
We can calculate the R, by ohm's law in
which we need to calculate the least counts and
readings of ammeter and voltmeter.
The R\ own €an be calculated applying
Kirchhoff’s rules to the circuit. We would need
additional accurate measurement of all the
currents in resistances and galvanometer and
internal resistance of the galvanometer.
As the area of cross-section of metallic strips in
potentiometer is larger than a single wire.
So the resistance of strip is much small.

e

In potentiometer, the thick metallic strips are
used as they have negligible resistance and need
not to be counted in the length /; of the null
point of potentiometer. Which makes easy to
take reading and calculation. It is also for the

convenience of experimenter as he measures
only their lengths along the straight wires each
of lengths 1 m. This measurements is done with
the help of centimetre scale or metre scale with
accuracy.

The main considerations are involved in this
process are cost of metal used in electric circuits
decreases from Ag, Cu, Al, Fe.

The Cu wires or Al wires are used for wiring in
the home because low cost, but Ag is more
costly. Al and Cu are good conductors.

Alloy has less value of temperature coefficient
of resistance with less temperature sensitivity.
So, the resistance of the wire almost constant
even in small temperature change. The alloys

)
also has high resistivity (R = pX) .

Hence high resistance, because for given length
and cross-section area of conductor (/and A are
constant). Due to this reason alloys are used to
make standard resistance coils.

As we know that the power consumption in
transmission lines is P = i R, where R is the
resistance of transmission lines, so the power is
P=VL

Thus power can be transmitted in two ways
namely (i) at low voltage and high current or
(i1) high voltage and low current.

In power transmission at low voltage and high
current more power loss as P oc i> whereas power
transmission at high voltage and low current
facilitates the power transmission with minimal
power wastage.

The power loss can be reduced by transmitting
power at high voltage, but need thicker
insulation during transmission.

If R increases then, the current in main circuit
decreases which in turn, decreases the potential
difference across AB and hence potential
gradient (K) across AB decreases.

Since, at neutral point, for given emf of cell, |
increases as potential gradient (K) across AB

has decreased because.
v
cK=—
{ (AB)}

So balance potential accross AB equal to
potential of secondary circuit the length (AJ)
must be longer then earlier.

Thus, with increase of I, the balance point neutral
point will shift towards B.

E=K
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(i) One side deflection in galvanometer

decreased, when jockey moving from one end

‘A’ of the wire to the end ‘B’, thus imply that

current in auxiliary circuit decreases, while

potential difference A and jockey increases.
This is positive only when positive terminal
of the cell E, is connected at X and negative
atY.SoE,>E.

(i) One side deflection in galvanometer
increased when jockey moving from one end
A of the wire to the end B, this imply that
current in auxiliary circuit. increases, while
potential difference across A and jockey
increases.

This is possible only when negative terminal of

the cell E |, is connected at Y and negative at X.

SoE, <E.

When the cell of emf E and internal resistance r

is connected across an external resistance R,

the relationship between the voltage across R is

E
V=

1+—
R

Thus, Vo R
With the increase of R, V approaches closer to
E and when E is infinite, V reduces to zero.
Then the graphical representation between
voltage and the resistance R is as shown in figure.

(@] _>R

Short Answer Questions
When n resistors each of resistance R are in
series combination then current I is given by

E
I=

R +nR

Now if n resistors are in parallel combination
current 10 Tis

E

R+B
n

S 11) S (ii)

E 10E
So, R R+nR
R+ +n
n
1+n
el (Hnj“
1+; or n+l1
= n=10

So there are 10 resistors in combination.

LetR ; andR_ arethe minimum and maximum
resistances.

When all resistors are connected in parallel, the
resultant resistance R, is

1 1 |
— = — ot
RP Rl Rn
On multiplying both sides by R . we get,
Rmin _ Rmin Rmin Rmin
R, R, R, R,

. . R .
Here, in RHS, there exist one term —2 =1 and

min
other terms are positive, so we have

R R. R R

min min min
= + ot

s ]
R R, R, R

p n

min)’

So, in parallel combination, the equivalent
resistance of resistors is less than the minimum
resistance available in combination of resistors.
Now, in series combination, the equivalent
resistant is

i.e., the resultant resistance R, <R

R=R,+..+R,
Here, in RHS, there exist one term having
resistance R ..
So, we get

Rs: Ri+.+R_..+..+R,
R=R,+..R . +R,
=R T R+ PR,

RS 2 Rmax

R=R_, R, +..R)
So, in series combination, the equivalent
resistance is always greater than the maximum
resistance (R ) available in combination of
resistors. Physical interpretation
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R,

VW

I i

"4 I |

(a) v (b

In Fig. (b), R . provides an equivalent route as
in Fig (a) for current. But in addition there are
(n— 1) routes by the remaining (n — 1) resistors.
Current in Fig (b) is greater than current in Fig.
(a). Effective resistance in Fig. (b) <R . . Second
circuit evidently affords a greater resistance.

R,

max

max

|—
vV ()

In the above figure, R provides an equivalent
route as in Fig. (c) for current. Current in
Fig.(d) < current in Fig. (c). Effective resistance
in Fig. (d) > R .. Second circuit evidently
affords a greater resistance.
Applying Ohm’s law, (V=1IR)
The Effectiveresistance r g=r, +r, and effective
emf of two cells E . = E, + E,, so the electric
current is along anti-clockwise direction, since
E,>E,.

E +E, _ )
I:ﬁ (B =6,E,=4 . .1=2,1,=8)
S 1= o
o 248

The direction of flow of current is always from
high potential to low potential Therefore

Vi Vs
So, Vg—-4V—-(02)x8=V,
So, V-V, =56V
So, potential between A and B= 5.6 volt.
Applying Ohm’s law,

V=IR,

The Effective resistance =R +r, +r, and effective
emf of two cells = E + E = 2E, so the electric
current I following in the circuit is

~ E+E
R+p +r1,

The net potential difference across the terminals
of the 1st cell and putting it equal to zero.
V,=E-Ir, (- V,=0)given
2E
o h
+1,+R
2Er,
r,+1,+R
2r,
r,+1,+R
o, r+r,*R= 2r

=0

o, E=

R=r1 -1,
This is the required condition for the potential
difference across 1st cell to be zero.
We know that, the resistance of wire is

ol
pA

where A is cross-sectional area of conductor
as given that :

r,=— mm
=0.5%10"m
and L=1
2

r2= — mm

=1x103m
The resistance of first conductor

pl,
R,= —
AT

pl
R=—"—7-——+
b on(107 x0.5)
The resistance of second conductor,
pl,
R.=————
By 1)
pl
R.=
B al10°) —(0.5x107)’]
Now, the ratio of two resistances is

(10°) ~(05x10°)" 075
(0.5x10%)’ 0.25

lzA
Ry

R ,:Rz=3:1
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Consider the effective internal resistance of the
batteryis R g, the effective external resistance R
and the effective voltage of the battery is V.
Applying Ohm’s law, (V=1R)

Then current through R is

R
WWWA
I _ Veff
! Reff +R |1 Veﬂ
| v
R

If all the resistances and the effective voltage
are increased n-times, then we get
Ve ™'= 0V Ryp™ =nR
and R™W=nR
Then, the new current in circuit is :

— nVeﬁ‘
nR,; +nR

_ n(VelT)
n (Reﬂ. + R)

(Veff) _
(Ry+R) !

Hence, current remains the same.
Long Answer Questions
As we know that, by Ohm's law,
V=IR
Applying Kirchhoff’s junction rule,
[ =1+1,
Applying Kirchhoffs I law/loop rule applied in
outer loop containing 10V cell and resistance R,
we have

L

10=1IR+ 101, . (1)

Applying Kirchhoff IT law/loop rule applied in
outer loop containing 2V cell and resistance R,
we have

2=>51,—-RI

=5I,-)—-RI

o, 4=10I, - 10I-2RI .. (i)
Solving Egs. (i) and (ii), gives

6=3R1+10I

10
=]|R+—
2 [ 3)

Let the effective potential difference due to both
batteriesis V.

Veq= IR+R ¢

On comparing, we have V =2V and effective
internal resistance

10
wa- ()0
Since, the effective internal resistance (R )

of two cells is (?j@, being the parallel

combination of 5Q and 102
As given that the power consumption P=VIin
(5hrs) in a day=10 unit =10 kWh
power consumption per hour = 2units = 2kWh
=20001J/s
Voltage=220V
Also, we know that power consumption in
resistor,
P=VxI
2000W =220V xlor[=9A

Now, the resistance of wire is given by R = p%

where, A is cross-sectional area of conductor.
Power consumption in first current carrying wire
is

P=IR ( R:plj

A
/
P (P

170108 x — g1 sy
_' x10° SEAIS

So loss of energy in wiring = 4 j/sec.
The fractional loss due to heating in first wire is

4 x100=10.2%
00

Power loss in Al wire P, = 4p—Al

Cu
(a=ley)and (A =Acy)
P, =4j/S
=1.6x4
=6.4J/s
The fractional loss due to the joule heating in
second wire

6.4
x100 =0329
00 &

Consider R' be the resistance of the
potentiometer wire and given variable resistor
(R=50Q)
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Then the effective resistance of potentiometer
=50Q+R'
Effective voltage applied across potentiometer
=10V
The current through the main circuit,
v
= Sarr

10
50Q+R’
Potential difference across wire of potentiometer,

10R’
50Q+R'
As, with 50Q resistor, null point can not obtained
by 8 volt it's possible only when
10xR’
<
50+R’
So, 10R'< 400+ 8R'
2R'<400 or R'<200Q
Similarly with 10Q resistor, null point is obtained
at V' > § its possible only when
10xR’
>
10+R’
So, 2R'>80, R'>40
As the null point is obtained on 4th segment or

at (%) of total length so at (%R’j .

leéR'
4 <3 (At balance point)
10+R’
So, 7.5R'<80+8R'
R'> 160
160 <R’ <200

Any R' between 160Q and 200Q2 will achieve.
Since, the null point on the last (4th) segment of
the potentiometer, therefore potential drop
across 400 cm of wire > 8V.
This imply that potential gradient

kx400cm> 8V  (atbalance point)
or kx4m>8V

Similarly, potential drop across 300 cm wire <8 V
kx300cm< 8V
kx3m<8V

k< %V/m

Hence, %V/m >k>2V/m

(a) ByOhm’s law,
V=IR,

I=6V/6QQ=1A
The current in a conductor and drift velocity of
electrons are related as i = neAv,
where V is drift speed of electrons and n is
number density of electrons.

[=neAv,

i
So, drift velocity v, = oA
As given that,
n (number of electron/volume) = 102/m>
length of circuit = 10cm, cross-section area (A)
=(1mm)?, m =9.1x 103!
On substituting the values
3 1
T 07 x1.6x107 x10°

1 10 m/s
1.6
So, the energy absorbed in the form of KE is
KE= %me Vj x nAl

x9.1x107% ><L><1029 x10x10°%x10™"
2.56

| =

KE.=1.78x10"7]
(b) Power loss
P=I’R
=6x12
=6W=61J/s
We know that,
E(K.E.)

P loss) P=
(Power loss) t (time)

So, t=—
P

1.78x107"
6
=029x 10717
~03x10717
=3 x 108 second
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EXERCISES

A circular coil of wire consisting of 100 turns, each of radius 8.0 cm
carries a current of 0.40 A. What is the magnitude of the magnetic
field B at the centre of the coil?

A long straight wire carries a current of 35 A. What is the magnitude
of the field B at a point 20 cm from the wire?

A long straight wire in the horizontal plane carries a current of 50 A
in north to south direction. Give the magnitude and direction of B
at a point 2.5 m east of the wire.

A horizontal overhead power line carries a current of 90 A in east to
west direction. What is the magnitude and direction of the magnetic
field due to the current 1.5 m below the line?

What is the magnitude of magnetic force per unit length on a wire
carrying a current of 8 A and making an angle of 30° with the
direction of a uniform magnetic field of 0.15 T?

A 3.0 cm wire carrying a current of 10 A is placed inside a solenoid
perpendicular to its axis. The magnetic field inside the solenoid is
given to be 0.27 T. What is the magnetic force on the wire?

Two long and parallel straight wires A and B carrying currents of
8.0 A and 5.0 A in the same direction are separated by a distance of
4.0 cm. Estimate the force on a 10 cm section of wire A.

A closely wound solenoid 80 cm long has 5 layers of windings of 400
turns each. The diameter of the solenoid is 1.8 cm. If the current
carried is 8.0 A, estimate the magnitude of B inside the solenoid
near its centre.

A square coil of side 10 cm consists of 20 turns and carries a current
of 12 A. The coil is suspended vertically and the normal to the plane
of the coil makes an angle of 30° with the direction of a uniform
horizontal magnetic field of magnitude 0.80 T. What is the magnitude
of torque experienced by the coil?

Two moving coil meters, M, and M, have the following particulars:
R, =10Q, N, = 30,

A =36x10°m’ B, =0.25T

R,=14Q, N, =42,

A,=1.8x10°m’ B,=0.50T

(The spring constants are identical for the two meters).

Determine the ratio of (a) current sensitivity and (b) voltage

sensitivity of M, and M.

In a chamber, a uniform magnetic field of 6.5 G (1 G = 107 T) is

maintained. An electron is shot into the field with a speed of

4.8 x 10° m s normal to the field. Explain why the path of the

electron is a circle. Determine the radius of the circular orbit.

(e=1.5x 107" C, m,=9.1x10"" kg)

In Exercise 4.11 obtain the frequency of revolution of the electron in

its circular orbit. Does the answer depend on the speed of the

electron? Explain.

(a) A circular coil of 30 turns and radius 8.0 cm carrying a current
of 6.0 A is suspended vertically in a uniform horizontal magnetic
field of magnitude 1.0 T. The field lines make an angle of 60°
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with the normal of the coil. Calculate the magnitude of the
counter torque that must be applied to prevent the coil from
turning.

(b) Would your answer change, if the circular coil in (a) were replaced
by a planar coil of some irregular shape that encloses the same
area? (All other particulars are also unaltered.)

ADDITIONAL EXERCISES

Two concentric circular coils X and Y of radii 16 cm and 10 cm,
respectively, lie in the same vertical plane containing the north to
south direction. Coil X has 20 turns and carries a current of 16 A;
coil Y has 25 turns and carries a current of 18 A. The sense of the
current in X is anticlockwise, and clockwise in Y, for an observer
looking at the coils facing west. Give the magnitude and direction of
the net magnetic field due to the coils at their centre.

A magnetic field of 100 G (1 G = 1047 is required which is uniform
in a region of linear dimension about 10 cm and area of cross-section
about 10 m® The maximum current-carrying capacity of a given
coil of wire is 15 A and the numbe of turns per unit length that can
be wound round a core is at most 1000 turns m™'. Suggest some
appropriate design particulars of a solenoid for the required purpose.
Assume the core is not ferromagnetic.

For a circular coil of radius R and N turns carrying current I, the
magnitude of the magnetic field at a point on its axis at a distance x
from its centre is given by,

4IR’N

2 (x2 +R? )3/2

(a) Show that this reduces to the familiar result for field at the
centre of the coil.

(b) Consider two parallel co-axial circular coils of equal radius R,
and number of turns N, carrying equal currents in the same
direction, and separated by a distance R. Show that the field on
the axis around the mid-point between the coils is uniform over
a distance that is small as compared to R, and is given by,

NI
B= 0.72% , approximately.

[Such an arrangement to produce a nearly uniform magnetic
field over a small region is known as Helmholtz coils.]
A toroid has a core (non-ferromagnetic) of inner radius 25 cm and
outer radius 26 cm, around which 3500 turns of a wire are wound.
If the current in the wire is 11 A, what is the magnetic field
(a) outside the toroid, (b) inside the core of the toroid, and (c) in the
empty space surrounded by the toroid.
Answer the following questions:
(a) A magnetic field that varies in magnitude from point to point
but has a constant direction (east to west) is set up in a chamber.
A charged particle enters the chamber and travels undeflected
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along a straight path with constant speed. What can you say
about the initial velocity of the particle?

(b) A charged particle enters an environment of a strong and
non-uniform magnetic field varying from point to point both in
magnitude and direction, and comes out of it following a
complicated trajectory. Would its final speed equal the initial
speed if it suffered no collisions with the environment?

(c) An electron travelling west to east enters a chamber having a
uniform electrostatic field in north to south direction. Specify
the direction in which a uniform magnetic field should be set
up to prevent the electron from deflecting from its straight line
path.

An electron emitted by a heated cathode and accelerated through a

potential difference of 2.0 kV, enters a region with uniform magnetic

field of 0.15 T. Determine the trajectory of the electron if the field

(a) is transverse to its initial velocity, (b) makes an angle of 30° with

the initial velocity.

A magnetic field set up using Helmholtz coils (described in Exercise

4.16) is uniform in a small region and has a magnitude of 0.75 T. In

the same region, a uniform electrostatic field is maintained in a

direction normal to the common axis of the coils. A narrow beam of

(single species) charged particles all accelerated through 15 kV

enters this region in a direction perpendicular to both the axis of

the coils and the electrostatic field. If the beam remains undeflected
when the electrostatic field is 9.0 x 10° V m™, make a simple guess
as to what the beam contains. Why is the answer not unique?

A straight horizontal conducting rod of length 0.45 m and mass

60 g is suspended by two vertical wires at its ends. A current of 5.0 A

is set up in the rod through the wires.

(a) What magnetic field should be set up normal to the conductor
in order that the tension in the wires is zero?

(b) What will be the total tension in the wires if the direction of
current is reversed keeping the magnetic field same as before?
(Ignore the mass of the wires.) g =9.8 m s2.

The wires which connect the battery of an automobile to its starting

motor carry a current of 300 A (for a short time). What is the force

per unit length between the wires if they are 70 cm long and 1.5 cm
apart? Is the force attractive or repulsive?

A uniform magnetic field of 1.5 T exists in a cylindrical region of

radius10.0 cm, its direction parallel to the axis along east to west. A

wire carrying current of 7.0 A in the north to south direction passes

through this region. What is the magnitude and direction of the
force on the wire if,

(a) the wire intersects the axis,

(b) the wire is turned from N-S to northeast-northwest direction,

(c) the wire in the N-S direction is lowered from the axis by a distance
of 6.0 cm?

A uniform magnetic field of 3000 G is established along the positive

z-direction. A rectangular loop of sides 10 cm and 5 cm carries a

current of 12 A. What is the torque on the loop in the different cases

shown in Fig. 4.28? What is the force on each case? Which case
corresponds to stable equilibrium?
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FIGURE 4.28

A circular coil of 20 turns and radius 10 cm is placed in a uniform

magnetic field of 0.10 T normal to the plane of the coil. If the current

in the coil is 5.0 A, what is the

(a) total torque on the coil

(b) total force on the coil,

(c) average force on each electron in the coil due to the magnetic
field?

(The coil is made of copper wire of cross-sectional area 10° m?, and

the free electron density in copper is given to be about

10*m™)

A solenoid 60 cm long and of radius 4.0 cm has 3 layers of windings

of 300 turns each. A 2.0 cm long wire of mass 2.5 g lies inside the

solenoid (near its centre) normal to its axis; both the wire and the

axis of the solenoid are in the horizontal plane. The wire is connected

through two leads parallel to the axis of the solenoid to an external

battery which supplies a current of 6.0 A in the wire. What value of

current (with appropriate sense of circulation) in the windings of

the solenoid can support the weight of the wire? g = 9.8 m s>

A galvanometer coil has a resistance of 12 Q and the metre shows

full scale deflection for a current of 3 mA. How will you convert the

metre into a voltmeter of range O to 18 V?

A galvanometer coil has a resistance of 15 Q and the metre shows

full scale deflection for a current of 4 mA. How will you convert the

metre into an ammeter of range O to 6 A?
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Multiple Choice Questions (MCQs)

Two charged particles traverse identical helical
paths in a completely opposite sense in a uniform

magnetic field B =Bk .

(a) They have equal z-components of momenta

(b) They must have equal charges

(c) They necessarily represent a particle, anti-

particle pair
(d) The charge to mass ratio satisfy

(2=

Biot-Savart law indicates that the moving
electrons (velocity v) produce a magnetic field

B such that

(a) Bisperpendicular of

(b) Bisparallel tov

(c) it obeys inverse cube law

(d) it is along the line joining the electron and

point of observationt.

A current carrying circular loop of radius R is
placed in the x-y plane with centre at the origin.
Half of the loop with x > 0 is now bent so that it

now lies in the y-z plane.

(a) The magnitude of magnetic moment now

diminishes
(b) The magnetic moment does not change

(c) The magnitude of B at (0, 0, z), z> R

increases

(d) The magnitude of B at (0, 0, z), z>> R is

unchanged

An electron is projected with uniform velocity
along the axis of a current carrying long solenoid.

Which of the following is true?

(a) The electron will be accelerated along the

axis

(b) The electron path will be circular about the

axis

(c) Theelectron will experience a force at 45° to

the axis and hence execute a helical path

(d) The electron will continue to move with
uniform velocity along the axis of the

solenoid

5.

In a cyclotron, a charged particle
(a) undergoes acceleration all the time

(b) speeds up between the dees because of the
magnetic field

(c) speeds up in a dees
(d) slows down within a dee and speeds up
between dees

Multiple Choice Questions (MCQs)

(More than one option correct)

A circular current loop of magnetic moment M is
in an arbitrary orientation in an external magnetic
field B. The work done to rotate the loop by 30°
about an axis perpendicular to its plane is

@ MB o) V3

MB

(© - (d) zero

The gyro-magnetic ratio of an electron in an H-

atom, according to Bohr model, is

(a) independent of which orbit it is in

(b) negative

(c) positive

(d) increases with the quantum number n.

Consider a wire carrying a steady current, [ placed

in a uniform magnetic field B perpendicular to

its length. Consider the charges inside the wire.

It is known that magnetic forces do no work.

This implies that,

(a) motion of charges inside the conductor is
unaffected by B, since they do not absorb
energy

(b) some charges inside the wire move to the
surface as a result of B

(c¢) Ifthe wire moves under the influence of B,
no work is done by the force

(d) ifthe wire moves under the influence of B,
no work is done by the magnetic force on
the ions, assumed fixed within the wire.


bts
Text Box
Chapter 4:- Moving Charges 
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Two identical current carrying coaxial loops,
carry current [ in an opposite sense. A simple
amperian loop passes through both of them
once. Calling the loop as C,

(@) §Bdl=mp,1

(b) thevalue off C_F B.dl=+2y, I'is independent

of sense of C

(c) there may be a point on C where, B and dl
are perpendicular

(d) B vanishes everywhere on C

A cubical region of space is filled with some

uniform electric and magnetic fields. An electron

enters the cube across one of its faces with

velocity v and a positron enters via opposite

face with velocity — v. At this instant,

(a) the electric forces on both the particles
cause identical accelerations

(b) the magnetic forces on both the particles
cause equal accelerations

(c) both particles gain or loose energy at the
same rate

(d) the motion of the Centre of Mass (CM) is
determined by B alone

A charged particle would continue to move with

a constant velocity in a region wherein,

(@ E=0,B=0 (b) E#£0,B=0

(c) E#0,B=0 (d E=0,B=0

Very Short Answer Questions

1.

2.

Verify that the cyclotron frequency © = eB/m
has the correct dimensions of [T] .

Show that a force that does no work must be a
velocity dependent force.

The magnetic force depends on v which
depends on the inertial frame of reference. Does
then the magnetic force differ from inertial frame
to frame? Is it reasonable that the net
acceleration has a different value in different
frames of reference?

Describe the motion of a charged particle in a
cyclotron if the frequency of the radio
frequency (rf) field were doubled.

Two long wires carrying current I, and I, are
arranged as shown in figure. The one carrying
current I, is along is the x-axis. The other
carrying current I, is along a line parallel to the
y-axis given by x = 0 and z = d. Find the force
exerted at o, because of the wire along the x-axis.

A
0,0,d) O,

Qﬁd:)—xz
|

x“1,

Short Answer Questions

A current carrying loop consists of 3 identical
quarter circles of radius R, lying in the positive
quadrants of the x —y, y—z and z—x planes with
their centres at the origin, joined together. Find
the direction and magnitude of B at the origin.
A charged particle of charge e and mass m is
moving in an electric field E and magnetic field
B. Construct dimensionless quantities and
quantities of dimension [T] .

An electron enters with a velocity v =v,i into
a cubical region (faces parallel to coordinate
planes) in which there are uniform electric and
magnetic fields. The orbit of the electron is found
to spiral down inside the cube in plane parallel
to the x-y plane. Suggest a configuration of
fields E and B that can lead to it.

Do magnetic forces obey Newton’s third law.

Verify for two current elements dl, = dI i located

at the origin and dl, =dl j located at (0, R, 0).
Both carry current I.

A multirange voltmeter can be constructed by
using a galvanometer circuit as shown in figure.
We want to construct a voltmeter that can
measure 2V, 20V and 200V using a galvanometer
of resistance 10 QQ and that produces maximum
deflection for current of 1 mA. Find R, R, and
R, that have to be used.

(G=109Q) 2V 20V 200V



39

NCERT 12 Physics Solution

% Physics

Along straight wire carrying current of 25A rests
on a table as shown in figure. Another wire PQ
of Length 1 m, mass 2.5 g carries the same current
but in the opposite direction. The wire PQ is free
to slide up and down. To what height will PQ
rise?

P >—80
)
h

S IO 2 -

Long Answer Questions

A 100 turn rectangular coil ABCD (in X-Yplane)
is hung from one arm of a balance figure. A mass
500 g is added to the other arm to balance the
weight of the coil. A current 4.9 A passes through
the coil and a constant magnetic field of 0.2 T
acting inward (in x-z plane) is switched on such
that only arm CD oflength 1 cm lies in the field.
How much additional mass m must be added to
regain the balance?

D

c
% xx xe—In ward

XX X X

"""""" =8B y direction
A rectangular conducting loop consists of two
wires on two opposite sides of length / joined
together by rods of length d. The wires are each
of the same material but with cross-sections
differing by a factor of 2. The thicker wire has a
resistance R and the rods are of low resistance,
which in turn are connected to a constant voltage
source V. The loop is placed in uniform a
magnetic field B at 45° to its plane. Find 1, the
torque exerted by the magnetic field on the loop
about an axis through the centres of rods.
An electron and a positron are released from (0,
0,0) and (0, 0, 1.5R) respectively, in a uniform

magnetic field B = B, 1, each with an equal
momentum of magnitude p = eBR. Under what
conditions on the direction of momentum will
the orbits be non-intersecting circles?

Consider a circular current-carrying loop of
radius R in the x-y plane with centre at origin.
Consider the line integral

3(L) =

L
j Bdl
-L

taken along z-axis.

(a) Show that (1) monotonically increases
with L

(b) Use an appropriate amperian loop to show
that 3(o0) = p,I. where I is the current in
the wire

(c) Verify directly the above result

(d) Suppose we replace the circular coil by a

square coil of sides R carrying the same

current I.
What can you say about (L) and () ?
A multirange current meter can be constructed
by using a galvanometer circuit as shown in
figure. We want a current meter that can measure
10 mA, 100 mA and ImA using a galvanometer
of resistance 10 QQ and that produces maximum
deflection for current of ImA. Find S, S, and S,
that have to be used.

A B C D

Five long wires A, B, C, D and E, each carrying

current [ are arranged to form edges of a

pentagonal prism as shown in figure. Each

carries current out of the plane of paper.

(a) What will be magnetic induction at a point
on the axis 0? Axis is at a distance R from
each wire.

(b) What will be the field if current in one of the
wires (say A) is switched off?

(c) What if current in one of the wire (say A) is
reversed?
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Multiple Choice Questions (MCQs)

(d) As we know that the uniqueness of helical
path is determined by its pitch

2nmvcosd

P(Pitch) ="

Where 6 is angle of velocity of charge particle
with x-axis

For the given pitch d correspond to charge
particle, we have

q 2nvcosd
m BP

= constant

Ifmotion is not helical, (6 =0)

As charged particles traverse identical helical
paths in a completely opposite direction in a
same magnetic field B, LHS for two particles
should be same and of opposite sign.

()G
m /i m/,
(a) ByBiot-Savart law

_Id/sin® (delj

dB = :

In Biot-Savat’s law, magnetic field B|[id] x r

and id/ due to flow of electron is in opposite

direction of v and by direction of cross

product of two vectors

BLV

So, the magnetic field is L to the direction

of flow of charge.
(@ As the direction of magnetic moment of
circular loop of radius R placed in the x-y plane
isaong z-direction and given by M = | (nr?),
when half of the loop with x > 0 is now bent so
that it now lies in the y-z plane, the magnitudes
of magnetic field moment of each semicircular
loop of radius R lie in the x-y plane and the y-z
plane is M' = I(nr?)/4 and the direction of
magnetic field moments are along z-directlon and
x-direction respectively.

Then resultant is :

M, = VM +M" =2M' = \/El(nrz)/4
So, M, ., <M or M diminishes.

Hence, the magnitude of magnetic moment is

now diminishes.

(d) Magnetic Lorentz force :

F=qVBsin 6

Magnetic Lorentz force electron is projected with
uniform velocity along the axis of a current
carrying long solenoid F = —qvB sin 180°
= 0(6 = 0°) as magnetic field and velocity are
parallel and electric field is zero (E = 0) due to
this magnetic field (B) perpendicular to the
direction of motion (V). So it will not affect the
velocity of moving charge particle. So the
electron will continue to move with uniform
velocity along the axis of the solenoid

(@) Thereis crossed electric and magnetic field

between dees so the charged particle accelerates

by electric field between dees towards other dees.

So, the charged particle undergoes acceleration

as

(i) speeds up between the dees because of the
oscillating electric field.

(ii) speed remain the same inside the dees
because of the magnetic field but direction
undergoes change continuously.

Hence, the charge particle accelerates inside
and between Dees always.

Multiple Choice Questions

(More Than One Options)

(b,d)

When the axis of rotation of the loop is along B

by 30° about an axis perpendicular to its plane

make no change in the angle made by axis of the
loop with the direction of magnetic field. So, the
work done to rotate the loop is zero.

W =MB cos 90°=0

When rotation not along B.
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The work done to rotate the loop in uniform
magnetic field W= MB (cos 0, — cos0,), where
signs are as usual. So the workdone is

W =MB cos 0 (0 =30° given)

MB+/3

2

=MB cos 30° =

(a,b)

The gyro-magnetic ratio of an electron in an H-
atom is equal to the ratio of the magnetic moment
and the angular momentum of the electron

magnetic moment of ¢(M, )

He™ angular momentum of (L, )

If 1 is the magnitude of the angular momentum
of the electron about the central nucleus (orbital
angular momentum). Vectorially,

—ovr —evr

l"l'e = ZmeVr (“. Me = 2 s Le = mevr)
_ —€
He= o

So it is independent of velocity or orbit of e
depends only on charge.

The negative sign indicates that the angular
momentum of the electron is opposite in
direction to the magnetic moment.

(b,d)

Magnetic forces on a current carrying conductor,
consider wire carrying a steady current I, placed
in a uniform magnetic field B, perpendicular to
its length is F=1IBsin90°=1IB

The direction of force is get by Fleming’s left
hand rule and F is perpendicular to the direction
of magnetic field B. Hence, work done by the
magnetic force on the ions is 0.

(b,0)

Loops are identical placed coaxially and carrying
same current in opposite sense.

By Ampere’s circuital law, we get

¢ Bdl = p1-1)=0

As the magnetic field inside the loop, there may
beapaint on CwhereB and dl are perpendicular
to the direction of plane of loop.

So, ¢ Bdl =0

or, | B.dIl | c0s90°=0

(b,c,d)

The magnetic forces on a charge particle,
F=q(v % B), is either zero or F is perpendicular
to V velocity and magnetic field, which in turn
revolves particles on circular path perpendicular

to both (E, \7) with uniform speed. In both the
cases magnetic force on charge particles have
equal accelerations.

Both the particles gain or loss energy at the same
rate as both are subjected to the same electric
force (F = qE) in opposite direction, because
magnitudes of charges are constant.

As, there is no change of the Centre of Mass of
the change particles. Hence, the motion of the
Centre of Mass is determined by B alone.

(a,b,d)
The Lorentz force is experienced by the single
moving charge in space is filled with some
uniform electric and magnetic fields is

F =(F+F)

F = qE+q(v x B)
The, force on charged particle due to electric
field F, = qE.
Force on charged particle due to magnetic field.
F.,= q(vxB)
The velocity V of charge particle q in magnetic
field (B) and electric field (E) will be constant. If
Lorentz force (F) ) =qE +q(v*xB) =((Fp) +(F,))
on charge q.
Now, Fy;=0ifE=0and F = 0ifsin 6 =0 or
0°=0°or 180°. Hence, B=0.
Also, E =0 and B = 0 and the resultant force q
E+q(vxB)=0.Inthiscase E#0and B#0



NCERT 12 Physics Solution

% Physics

Very Short Answer Questions

In a circular motion of charge particle, the charge
particle moving perpendicular to the magnetic
field, the magnetic Lorentz forces provides
necessary centripetal force for revolution.

2
Contripental force L%} is balanced by

magnetic force (F ) = qvB sin 90° =qvB

2
then, L qvB
R

By solving, we get

m R (-.V=wRandq=e¢)
Then the dimensional formula of angular
frequency is

{2}

that is the required expression.
Consider no work done by a force, so
dW=F.dl=0

dl dl]
F—-dt=0|-.V=—
dt de=0 ( dt

= Fvdt=0

Fv=0,dt=0

Fv=0
Fv cosB = cos 90°

0=90°

So, F must be velocity dependent which implies
that angle 0 between F and vis 90°. If v changes
its direction then direction of F should also

U

change, so that F is dependent on V to make
work done zero.

The magnetic force change from inertial frame
to frame. The magnetic force is frame dependent
on frame of refrence.

Therefore, the net acceleration which comes into
existence out of this is however, frame
independent for inertial frames.

In cyclotron, frequency of charged particle is
equal to the radio frequency. When the
frequency of the radio frequency (rf) field were
doubled, the time period of the radio frequency
(rf) field become half, so, the duration in which
particle completes half revolution inside the
dees, radio frequency completes the cycle.
So, a charge particle will accelerate and
decelerate alternatively and its moves in circular
path between the dees during motion in Dees.
Hence, the radius of path in the dees will remain
same.
By Biot-Savart law, magnetic field B is parallel to
idl x rand idl have its direction along the direction
of flow of current, then the force
(F)=Bidlsin6=Bidl (- 6=90°)
For the direction of magnetic field, at O,, due to
wire carrying I, current is parallel to y-axis.

B| parallel idl x orfxlA(, but i xk :—j

Therefore, the direction at O, is along Y-
direction. The direction of magnetic force exerted
at O, because of the wire along the, x-axis.

F:leB:jx(—j):O

Now, the consider wire of current I, is parallel to
y-axis. So I, and B, are also along y-axis, i.e.,
angle between I, and B, is zero, so magnetic
force F, on wire of current I, is F, = B, I, dlsin 0°
=0.

Hence, force on O, due to wire of current I, is
Zero.

Short Answer Questions
The magnetic field due to arc of current carrying
coil which subtends an angle 0 at centre is given
by
M, 16

41 R

The magnetic field for the current carrying loop
quarter circles of radius R, lying in the positive
quadrants of the x-y plane

s
p=_
when( 2)
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B=t \2)p =t —f_ P
4n R 41 2R 8nR

The magnetic field for the current carrying loop
quarter circles of radius R. lying in the positive
quadrants of the y-z plane

> ]J,OI 2
=—1 = 1
B, 4 2R 8mR
The magnetic field for the current carrying loop
quarter circles of radius R, lying in the positive
quadrants of the z-x plane.

M T ].J.OI "
B3_4n2RJ_87rRJ

Current carrying loop consists of 3 identical
quarter circles of radius R, lying in the positive
quadrants of the x-y, y-y and z-z planes with
their centres at the origin, joined together is equal
to the vector sum of magnetic field due to each
quarter is

Ntz
| EURRRERREE »
'/ B, "/:
PRI R— P
C R

B —(i+jeR)Rl - Bl (f150)
4n

2R 8&nR
When a charge particle in an electric and
magnetic field its motion will be circular.
The charge particle moving perpendicular to the
magnetic field, the magnetic Lorentz forces
provides necessary centripetal force for
revolution.

3.

Centripetal force = is balanced by

magnetic force
(F,)=qvBsin90 =qvB

2

So, =qvB
0 R
By solving, we get
B _v_
m R
V=wRandq=¢

Then dimensional formula of angular velocity

(@)
o (2 )

This is the required expression.
Let, magnetic field B=B, k in y-axis and moving
electron enters with the velocity v = voiA intoa

cubical region along x-axes.
Then the force on electron, using magnetic
Lorentz force, is

F= —e(voi X Boﬁ) = eVOBOf
which revolves the electron in x-y plane.

The electric force F:—eEoﬁ accelerates

electron along z-axis which in turn increases the
radius of circular path. Hence particle traversed
on spiral path.

The magnetic field revolves the charge particle
in uniform circular motion in x-y plane and
electric field along x-direction increases the
speed, which in turn increases the radius of
circular path and hence, particle traversed on
spiral path.

By Biot-Savart’s law, magnetic field B is parallel
to idl x r and idl have its direction along the
direction of flow of current.

For the direction of magnetic field, at dl,, located
at (0, R, 0) due to wire d,, is given by

B|lidlxrorix] (because point (0, R, 0) lies

on y-axis), but ;xj =k
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Therefore, the direction of magnetic field at d, is
along z-direction.

yA

i

( ——p—

Je— (@d) —>
z

The direction of magnetic force exerted at d,
because of the first wire along the x-axis.

F=i(IxB)i.e., F||ixk)or along —j direction

So, force due to dl, on dl, is non-zero.

F=B, L,dl, sin 90° = B,1,dl,
Now, for the direction of magnetic field, Atd,,
located at (0, 0, 0) due to wire d, is given by
Bjlidl x r or ]’x—j (because origin lies on
y-direction w.r.t. point (0, R, 0),), but j x - =0.
So, the magnetic field at d; does not exist.
Force due to dl, on dl, is zero.

F=B,L,dl,; sin0°=0

Hence, magnetic forces do not obey Newton's
third law.

A galvanometer can be converted into voltmeter
by connecting a very high resistance wire
connected in series with galvanometer.

The relationship is given by [ g(G +R)=V where
Ig is range of galvanometer. G is resistance of
galvanometer and R is resistance of wire
connected in series with galvanometer.

(G=109Q) 2V 20V 200V

The resistance of galvanometer G R, R, and R,
are in series and G can tolerate

iG=1x% 1073 Amp
Applying expression in different situations
For i4(G+R))=2 ... (1) for2 Vrange
For i;(G+R;+R,)=20 .. (ii) for 20 Vrange
and fori(G+ R, + R, +R;)=200 ... (iii)

for 200 V range
By putting the given value of G in equaiton (i).
where, G=10Q
ig=103Amp
We get, R, =1990Q
R,=18kQ
Ry = 180kQ

When the force applied on PQ by long straight
wire current carrying of 25A rests on a table must
balance the weight of small current carrying wire.
Then the magnetic field produced by long
straight wire carrying current of 25A rests on a
table on small wire

1l

" 2rnh

The magnetic force on small conductor is
F=BIlsin0 (. 6=90°sin90°=1)
=BIl(sin 90°) =Bil
Consider the wire is balanced at hight h thus,
the force applied on PQ with the weight of small
current carrying wire.

ol

F=m
& 27h

(1, =1,=1=25A)

I’ 4mx107 x25%x25x1
= - -3 :51 X1044
2mmg  2mx2.5x107 x9.8

h=051cm

Long Answer Questions
The magnetic field is perpendicular to arms BC
and AD, so torque acts on CD and AB arms
which rotate coil.
For equilibrium the net torque should also be
equal to zero.
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When the field is off £t = 0 considering the
separation of each hung from mid-point be /.
Mg/=W__. [
500g/=W
W_ ., =500x9.8N

coil

coil

Taking moment of force about mid-point, we get
the weight of coil

When the magnetic field is switched on and the
weight (mg) is added on other side of beam
balance to balance the coil,

Mg/ +mg/=W _;, [+IBLsin 90°1
mg/=BIL/

_ BIL 0.2x4.9x1x107
g 9.8

m =103kg=1g
Hence, 1g of additional mass must be added to
regain the balance.

As we know that R = pl//A, consider the thicker
wire has a resistance R then the thinner wire has
aresstance 2R as the wires are of the same
material and same length but with cross-
sections differing by a factor 2 is given.

B
n F

Coil \4%°
/; ~ 70 =459)

R

0
Front view

Side view

ByOhm's law
(V=IR) (V,=V,=V))

Vl \]()

So, for current (I,)= R R
1

vV, V,
and for current (I,)= . = R
2

Now, the force and torque on first wire is
F,= 1,IBsin45°

Vo 1B

FI:E\/E

Similarly, the force and torque on thinner wire is

Vv, IB

F,1,IBsin45°= R \/2—

| _ VB
2T R

Hence resultant torqueis t=1, -1,

1 V,ldB

TZZ\/E R

As B = Bji, so magnetic field B is along the
x-axis, for a circular orbit the momenta of both
particles are in the y-z plane. Let p; and p, be
the momentum of the electron and positron,
respectively. Both traverse a circle of radius R
of opposite sense. Let p, make an angle 6 with
the y-axis p, must make the same angle.

The centres of the respective circles must be
perpendicular to the momenta and at a distance
R. Let the centre of the electron be at C_ and of
the positron at C, The coordinates of C, is

C.=(0+Rsinb, Reoso)
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The coordinates of C]D will be if the planes of

circular path are in y-z plane.

3
sz (0,—R sin 0, ER—R cos 0)

The circles of the two shall not overlap if the
distance between the two centers are greater
than 2R.
Consider d be the distance between Cp and C,.
If (id>d>2R)

d>= (Xz - Xl)z + (Y2 - yl)z + (Zz - Zl)z
By putting all vlaue in above equation,

2
3
So, d*> = (2Rsin0)>+ (ER —2R cos Gj
92
= 4R?sin’0 +TR —6R?cos0+4R?cos? 0
2 9 2 2
= 4R +ZR —6R " cos0O

As, d has to be greater than 2R
d?>4R?

So, 4R +%R2 —6R? cosh > 4R? ,

3R? |:§—2COSG:| >0
4
S J > 6 0
o, 1 cos
0< E
or, cos 2

3
Hence, (0059 < gj is the condition that two

circular plaths do not intersect; 0 is angle of

momentum of electron or positron with y-axis.
By using Ampere circuital law.
(@) B (z)points in the same direction on z-axis

and hence, J(L) is a monotonical function of

L. As Band dl are along the same direction,
so Bd] =B.dlcos 0=B.dl cos 0°=B. dl

(b) J(L) + contribution from large distance on
contour C = pl

As, Low
Contribution from large distance—0as
Boc /13
J(20) = pyl

(¢) The magnetic field due to circular current-
carrying loop of radius R in the x-y plane
with centre at origin at any point lying at a
distance a from origin.

Y- axis
J72 + R272<(y -

Z- axis

Let, a point P is in z-axis at distacne z, i.e, OP=Z
and angle between R and QP = 0 then the
magnetic field at P due to loop is

HOIRZ
2 (2 +R2)”

z

fCB dz = Tidz

. 2202 +R?)”
( tan0 = Ej
R
So, z=Rtan 0
= dz=R sec? 0dO
By putting the value of z,
© M I /2
S Bdz =% | cosfdd=p,l
0’ _J; z 2 [ﬂ/z “O

@ B(Z)square loop < 100p B(Z)circular loop
(L) square loop , = (L)circular loop
By using arguments as in (b)

( 0 ) square loop = ( S ) circular loop
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A galvanometer can be converted into ammeter
by connecting a very low resistance (shunt S)
connected in parallel with galvanometer. The
relationship is given by I gG =(1-1 g) S where | .
is range of galvanometer, G 1s resistance of
galvanometer.

Here,
Io.G=(,-1)S, +8S,+8;) for I, =10 mA.,
.. ()
I[5.(G+S))= (I, - I;)(S, +Sy) for [, = 100 mA,
()
and I;.(G+S; +8,) = (I; - 1;)(S;) for I; = 1A,
.. (1)
By solving we get,

S, =1IW,S,=0.1W

and S;=0.001W

(@) Let, the five wires A, B, C, D and E be
perpendicular to the plane of paper at
locations as shown in given figure
(Question).
Magnetic field Induction due to five wires
will be represented by various sides of a
closed pentagon in one order, lying in the
plane of paper. So, its value is zero.

(b) The vector sum of magnetic field. Thus by
each wire at O is equal to 0. Therefore,
magnetic induction produced by one current
carrying wire is equal in magnitude of
resultant of four wires and opposite in
direction.

So, the field if current in one of the wires

. . . 0

(say A) is switched of f is mR
perpendicular to AO towards left.

(c) If current in wire A is reversed, then total

magnetic field induction at O acting
perpendicular to AO towards left.
So, total mangetic field induction =
Magnetic field induction due to wire
A + magnetic field induction due to wires
B,C,DandE

Total magnetic field induction

(2 u2)
\4nR TR

Hence, total magnetic field induction

1
= Mol L AO towards left.
nR
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5.2

5.3

EXERCISES

Answer the following questions regarding earth’s magnetism:

(a) A vector needs three quantities for its specification. Name the
three independent quantities conventionally used to specify the
earth’s magnetic field.

(b) The angle of dip at a location in southern India is about 18°.
Would you expect a greater or smaller dip angle in Britain?

(c) If you made a map of magnetic field lines at Melbourne in
Australia, would the lines seem to go into the ground or come out
of the ground?

(d) In which direction would a compass free to move in the vertical
plane point to, if located right on the geomagnetic north or south
pole?

(e) The earth’s field, it is claimed, roughly approximates the field

due to a dipole of magnetic moment 8 x 10°* J T™ located at its

centre. Check the order of magnitude of this number in some
way.

Geologists claim that besides the main magnetic N-S poles, there

are several local poles on the earth’s surface oriented in different

directions. How is such a thing possible at all?

(f

Answer the following questions:

(a) The earth’s magnetic field varies from point to point in space.
Does it also change with time? If so, on what time scale does it
change appreciably?

(b) The earth’s core is known to contain iron. Yet geologists do not

regard this as a source of the earth’s magnetism. Why?

The charged currents in the outer conducting regions of the

earth’s core are thought to be responsible for earth’s magnetism.

What might be the ‘battery’ (i.e., the source of energy) to sustain

these currents?

(d) The earth may have even reversed the direction of its field several
times during its history of 4 to 5 billion years. How can geologists
know about the earth’s field in such distant past?

(e) The earth’s field departs from its dipole shape substantially at

large distances (greater than about 30,000 km). What agencies

may be responsible for this distortion?

Interstellar space has an extremely weak magnetic field of the

order of 10™'? T. Can such a weak field be of any significant

consequence? Explain.

[Note: Exercise 5.2 is meant mainly to arouse your curiosity. Answers
to some questions above are tentative or unknown. Brief answers
wherever possible are given at the end. For details, you should consult
a good text on geomagnetism.]

A short bar magnet placed with its axis at 30° with a uniform external
magnetic field of 0.25 T experiences a torque of magnitude equal to
4.5 x 10 J. What is the magnitude of magnetic moment of the magnet?
A short bar magnet of magnetic moment m = 0.32 JT™ is placed in a
uniform magnetic field of 0.15 T. If the bar is free to rotate in the
plane of the field, which orientation would correspond to its (a) stable,
and (b) unstable equilibrium? What is the potential energy of the
magnet in each case?

(c

(f
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A closely wound solenoid of 800 turns and area of cross section
2.5 x 10 m?® carries a current of 3.0 A. Explain the sense in which
the solenoid acts like a bar magnet. What is its associated magnetic
moment?

If the solenoid in Exercise 5.5 is free to turn about the vertical

direction and a uniform horizontal magnetic field of 0.25 T is applied,

what is the magnitude of torque on the solenoid when its axis makes
an angle of 30° with the direction of applied field?

A bar magnet of magnetic moment 1.5 J T lies aligned with the

direction of a uniform magnetic field of 0.22 T.

(a) What is the amount of work required by an external torque to
turn the magnet so as to align its magnetic moment: (i) normal
to the field direction, (ii) opposite to the field direction?

(b) What is the torque on the magnet in cases (i) and (ii)?

A closely wound solenoid of 2000 turns and area of cross-section

1.6 x 10™* m?, carrying a current of 4.0 A, is suspended through its

centre allowing it to turn in a horizontal plane.

(a) What is the magnetic moment associated with the solenoid?

(b) What is the force and torque on the solenoid if a uniform
horizontal magnetic field of 7.5 x 107 T is set up at an angle of
30° with the axis of the solenoid?

A circular coil of 16 turns and radius 10 cm carrying a current of

0.75 A rests with its plane normal to an external field of magnitude

5.0 x 102 T. The coil is free to turn about an axis in its plane

perpendicular to the field direction. When the coil is turned slightly

and released, it oscillates about its stable equilibrium with a

frequency of 2.0 s”'. What is the moment of inertia of the coil about

its axis of rotation?

A magnetic needle free to rotate in a vertical plane parallel to the
magnetic meridian has its north tip pointing down at 22° with the
horizontal. The horizontal component of the earth’s magnetic field
at the place is known to be 0.35 G. Determine the magnitude of the
earth’s magnetic field at the place.

At a certain location in Africa, a compass points 12° west of the
geographic north. The north tip of the magnetic needle of a dip circle
placed in the plane of magnetic meridian points 60° above the
horizontal. The horizontal component of the earth’s field is measured
to be 0.16 G. Specify the direction and magnitude of the earth’s field
at the location.

A short bar magnet has a magnetic moment of 0.48 J T'. Give the
direction and magnitude of the magnetic field produced by the magnet
at a distance of 10 cm from the centre of the magnet on (a) the axis,
(b) the equatorial lines (normal bisector) of the magnet.

A short bar magnet placed in a horizontal plane has its axis aligned
along the magnetic north-south direction. Null points are found on
the axis of the magnet at 14 cm from the centre of the magnet. The
earth’s magnetic field at the place is 0.36 G and the angle of dip is
zero. What is the total magnetic field on the normal bisector of the
magnet at the same distance as the null-point (i.e., 14 cm) from the
centre of the magnet? (At null points, field due to a magnet is equal
and opposite to the horizontal component of earth’s magnetic field.)

If the bar magnet in exercise 5.13 is turned around by 180°, where
will the new null points be located?

201
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A short bar magnet of magnetic movement 5.25 x 102 J T™' is placed
with its axis perpendicular to the earth’s field direction. At what
distance from the centre of the magnet, the resultant field is inclined
at 45° with earth’s field on (a) its normal bisector and (b) its axis.
Magnitude of the earth’s field at the place is given to be 0.42 G.
Ignore the length of the magnet in comparison to the distances
involved.

ADDITIONAL EXERCISES

Answer the following questions:

(a) Why does a paramagnetic sample display greater magnetisation
(for the same magnetising field) when cooled?

(b) Why is diamagnetism, in contrast, almost independent of
temperature?

(c) If a toroid uses bismuth for its core, will the field in the core be
(slightly) greater or (slightly) less than when the core is empty?

(d) Is the permeability of a ferromagnetic material independent of
the magnetic field? If not, is it more for lower or higher fields?

(e) Magnetic field lines are always nearly normal to the surface of a
ferromagnet at every point. (This fact is analogous to the static
electric field lines being normal to the surface of a conductor at
every point.) Why?

(f) Would the maximum possible magnetisation of a paramagnetic
sample be of the same order of magnitude as the magnetisation
of a ferromagnet?

Answer the following questions:

(a) Explain qualitatively on the basis of domain picture the
irreversibility in the magnetisation curve of a ferromagnet.

(b) The hysteresis loop of a soft iron piece has a much smaller area
than that of a carbon steel piece. If the material is to go through
repeated cycles of magnetisation, which piece will dissipate greater
heat energy?

(c) ‘A system displaying a hysteresis loop such as a ferromagnet, is
a device for storing memory?’ Explain the meaning of this
statement.

(d) What kind of ferromagnetic material is used for coating magnetic
tapes in a cassette player, or for building ‘memory stores’ in a
modern computer?

(e) A certain region of space is to be shielded from magnetic fields.
Suggest a method.

A long straight horizontal cable carries a current of 2.5 A in the
direction 10° south of west to 10° north of east. The magnetic meridian
of the place happens to be 10° west of the geographic meridian. The
earth’s magnetic field at the location is 0.33 G, and the angle of dip
is zero. Locate the line of neutral points (ignore the thickness of the
cable)? (At neutral points, magnetic field due to a current-carrying
cable is equal and opposite to the horizontal component of earth’s
magnetic field.)

A telephone cable at a place has four long straight horizontal wires

carrying a current of 1.0 A in the same direction east to west. The
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earth’s magnetic field at the place is 0.39 G, and the angle of dip is

35°. The magnetic declination is nearly zero. What are the resultant

magnetic fields at points 4.0 cm below the cable?

A compass needle free to turn in a horizontal plane is placed at the

centre of circular coil of 30 turns and radius 12 cm. The coil is in a

vertical plane making an angle of 45° with the magnetic meridian.

When the current in the coil is 0.35 A, the needle points west to

east.

(a) Determine the horizontal component of the earth’s magnetic field
at the location.

(b) The current in the coil is reversed, and the coil is rotated about
its vertical axis by an angle of 90° in the anticlockwise sense
looking from above. Predict the direction of the needle. Take the
magnetic declination at the places to be zero.

A magnetic dipole is under the influence of two magnetic fields. The
angle between the field directions is 60°, and one of the fields has a
magnitude of 1.2 x 10 T. If the dipole comes to stable equilibrium at
an angle of 15° with this field, what is the magnitude of the other
field?
A monoenergetic (18 keV) electron beam initially in the horizontal
direction is subjected to a horizontal magnetic field of 0.04 G normal
to the initial direction. Estimate the up or down deflection of the
beam over a distance of 30 cm (m, = 9.11 x 10~*! kg). [Note: Data in
this exercise are so chosen that the answer will give you an idea of
the effect of earth’s magnetic field on the motion of the electron beam
from the electron gun to the screen in a TV set.]

A sample of paramagnetic salt contains 2.0 x 10%* atomic dipoles

each of dipole moment 1.5 x 102 J T™'. The sample is placed under

a homogeneous magnetic field of 0.64 T, and cooled to a temperature

of 4.2 K. The degree of magnetic saturation achieved is equal to 15%.

What is the total dipole moment of the sample for a magnetic field of

0.98 T and a temperature of 2.8 K? (Assume Curie’s law)

A Rowland ring of mean radius 15 cm has 3500 turns of wire wound

on a ferromagnetic core of relative permeability 800. What is the

magnetic field B in the core for a magnetising current of 1.2 A?

The magnetic moment vectors p_ and p, associated with the intrinsic

spin angular momentum § and orbital angular momentum 1,

respectively, of an electron are predicted by quantum theory (and

verified experimentally to a high accuracy) to be given by:

p,=-(le/m) S,
K= —(e/2m)1

Which of these relations is in accordance with the result expected
classically? Outline the derivation of the classical result.
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Chapter 5:- Magnetism

Multiple Choice Questions (MCQs)

A toroid of n turns, mean radius R and cross-
sectional radius a carries current I. It is placed
on a horizontal table taken as xy-plane. Its

magnetic moment m

(a) is non-zero and points in the z-direction by

symmetry

(b) points along the axis of the toroid (m = m¢)
(c) is zero, otherwise there would be a field

1
falling as — at large distances outside the
r

toroid
(d) is pointing radially outwards

The magnetic field of the earth can be modelled
by that of a point dipole placed at the centre of
the earth. The dipole axis makes an angle of 11.3°
with the axis of the earth. At Mumbai, declination

isnearly zero. Then,

(a) the declination varies between 11.3° W to

11.3°E
(b) the least declination is 0°

(c) the plane defined by dipole axis and the

earth axis passes through Greenwich

(d) declination averaged over the earth must be

always negative
In a permanent magnet at room temperature.
(a) magnetic moment of each molecule is zero

(b) the individual molecules have non-zero
magnetic moment which are all perfectly

aligned
(c) domains are partiallyaligned
(d) domains are all perfectly aligned

Consider the two idealised systems (i) a parallel
plate capacitor with large plates and small
separation and (ii) a long solenoid of length
L>> R, radius of cross-section. In (i) E is ideally
treated as a constant between plates and zero
outside. In (ii) magnetic field is constant inside
the solenoid and zero outside. These idealised
assumptions, however, contradict fundamental

laws as below

(a) case (i) contradicts Gauss’ law for

electrostatic fields

5.

(b) case (ii) contradicts Gauss’ law for magnetic
fields

(c) case (i) agrees with CﬁE.dl =0.

(d) case (ii) contradicts Cf)H.dl =1,

A paramagnetic sample shows a net
magnetisation of 8 Am~' when placed in an
external magnetic field of 0.6 T at a temperature
of 4 K. When the same sample is placed in an
external magnetic field of 0.2 T at a temperature
of 16 K, the magnetisation will be

32, . 2 _
(a) ?Am ! (b) EAm !

(c) 6Am™ (d 24Am™

Multiple Choice Questions (MCQs)

(More than one option correct)

S is the surface of a lump of magnetic material.

(a) Lines of B are necessarily continuous across S

(b) Some lines of B must be discontinuous
across S

(c) Lines of H are necessarily continuous across S

(d) Lines of H cannot all be continuous across S

The primary origin (S) of magnetism lies in

(a) atomic currents

(b) Pauli exclusion principle

(c) polar nature of molecules

(d) intrinsic spin of electron

A long solenoid has 1000 turns per metre and

carries a current of 1 A. It has a soft iron core of

p,. = 1000. The core is heated beyond the Curie

temperature, T .

(a) The H field in the solenoid is (nearly)
unchanged but the B field decreases
drastically

(b) The Hand B fields in the solenoid are nearly
unchanged

(c) The magnetisation in the core reverses
direction

(d) The magnetisation in the core diminishes
by a factor of about 103


bts
Text Box
Chapter 5:- Magnetism
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Essential difference between electrostatic

shielding by a conducting shell and

magnetostatic shielding is due to

(a) electrostatic field lines can end on charges
and conductors have free charges

(b) lines of B can also end but conductors
cannot end them

(c) lines of B cannot end on any material and
perfect shielding is not possible

(d) shells of high permeability materials can be
used to divert lines of B from the interior
region

Let the magnetic field on the earth be modelled

by that of a point magnetic dipole at the centre

of the earth. The angle of dip at a point on the

geographical equator

(a) isalways zero

(b) can be zero at specific points

(c) can be positive or negative

(d) is bounded

Very Short Answer Questions

1.

A proton has spin and magnetic moment just
like an electron. Why then its effect is neglected
in magnetism of materials?
A permanent magnet in the shape of a thin
cylinder of length 10 cm has M = 10% A/m.
Calculate the magnetisation current I
Explain quantitatively the order of magnitude
difference between the diamagnetic
susceptibility of N,(~5 x 10~%) (at STP) and
Cu(~107).
From molecular view point, discuss the
temperature dependence of susceptibility for
diamagnetism, paramagnetism  and
ferromagnetism.
A ball of superconducting material is dipped in
liquid nitrogen and placed near a bar magnet.
() Inwhich direction will it move?
(i) What will be the direction of its magnetic
moment?

Short Answer Questions

Verify the Gauss’s law for magnetic field of a
point dipole of dipole moment m at the origin for
the surface which is a sphere of radius R.

Three identical bar magnets are rivetted together
at centre in the same plane as shown in figure.
This system is placed at rest in a slowly varying
magnetic field. It is found that the system of
magnets does not show any motion. The north-
south poles of one magnet is shown in the figure.
Determine the poles of the remaining two.

N
? ?
60°
60°
? ?
S

Suppose we want to verify the analogy between
electrostatic and magnetostatic by an explicit
experiment. Consider the motion of (i) electric
dipole p in an electrostatic field E and (ii)
magnetic dipole M in a magnetic field B. Write
down a set of conditions on E, B, p, M so that
the two motions are verified to be identical.
(Assume identical initial conditions).

A bar magnet of magnetic moment M and moment
ofinertia I (about centre, perpendicular to length)
is cut into two equal pieces, perpendicular to
length. Let T be the period of oscillations of the
original magnet about an axis through the mid-
point, perpendicular to length, in a magnetic field
B. What would be the similar period T' for each
piece?

Use (i) the Ampere’s law for H and (ii) continuity
oflines of B, to conclude that inside a bar magnet,
(a) lines of Hrun from the N-pole to 5-pole, while
(b) lines of B must run from the 5-pole to N-pole.

Long Answer Questions

Verify the Ampere’s law for magnetic field of a

point dipole of dipole moment M = MKk . Take C

as the closed curve running clockwise along

(1) thez-axisfromz=a>0toz=R,

(@ii) along the quarter circle of radius R and
centre at the origin in the first quadrant of
xz-plane,

(i) along the x-axis from x=R tox=a, and

(iv) along the quarter circle of radius a and
centre at the origin in the first quadrant of
xz-plane
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What are the dimensions of y, the magnetic
susceptibility? Consider an H-atom. Gives an
expression for y, upto a constant by constructing
a quantity of dimensions of , out of parameters
of the atom ¢, m, v, R and p,,. Here, m is the
electronic mass, v is electronic velocity, R is Bohr
radius. Estimate the number so obtained and
compare with the value of |y| = 107 for many
solid materials.

Assume the dipole model for the earth’s magnetic
field B which is given by B,, = vertical

Lo 2mcosO

component of magnetic field= —
P £ 4 r3

By, = horizontal component of magnetic field =
Mg sinBm
47 r3

0 = 90° — lattitude as measured from magnetic
equator.

Find loci of points for which (a) | B | is minimum
(b) dip angle is zero and (c) dip angle is 45°.

Consider the plane S formed by the dipole axis
and the axis of earth. Let P be point on the
magnetic equator and in S. Let Q be the point of
intersection of the geographical and magnetic
equators. Obtain the declination and dip angles
atPand Q.

There are two current carrying planar coil made
each from identical wires of length L. C, is
circular (radius R) and C, is square (side a). They
are so constructed that they have same
frequency of oscillation when they are placed in
the same uniform B and carry the same current.
Find a in terms of R.

NCERT EXEMPLAR SOLUTIONS

Multiple Choice Questions (MCQs)

1.

(¢) Toroid s a hollow circular ring on which a
large number of turns of a wire are closely
wound. Thus, in this case magnetic field is
only confined inside the body of toroid.
So no magnetic field outside the toroid and
magnetic field only inside the toroid.

In case of toroid, the magnetic field is in
the form of concentric magnetic lines of
force and there is no magnetic field outside
the body of toroid. This is because the loop
encloses no current. Thus, the magnetic
moment of toroid is zero.

In other case, if we take r as a large distance

. . 1 L
outside the toroid, then moc—-. Which is
r

not possible.

(@) Magnetic declination is an angle between
angle of magnetic meridian and the
geographic meridian.

As the earth’s magnetism, the magnetic
field lines of the earth resemble that of a
hypothetical magnetic dipole located at the
centre of the earth.
The axis of the dipole does not coincide with
the axis of rotation of the earth but is
presently tilted by 11.3° (approx) with

respect to geographical of axis earth. This
results into two situations as given in the
figure.

So, the declination varies between 11.3° W
to11.3°E.

(d) We know that a permanent magnet is a
substance which at room temperature retain
ferromagnetic property for a long period of
time. The individual atoms in a ferromagnetic
material possess a dipole moment as in a
paramagnetic material. However, they
interact with one another in such a way that
they spontaneously align themselves in a
common direction over a macroscopic
volumei.e., domain.

Hence, in a permanent magnet at room
temperature, domains are all perfectly
aligned.

(b) The electric field lines, do not form a
continuous path while the magnetic field
lines form the closed paths.
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Gauss’s law states that, gSE.ds -4 for
s 80
electrostatic field. So, it does not contradict
for electrostatic fields as the electric field
lines do not form closed continuous path.

According to Gauss’ law in magnetic field,

gSE.dszo

It contradicts for magnetic field, because
there is a magnetic field inside the solenoid
and no field outside the solenoid carrying
current but the magnetic field lines form the
closed path.

necessarily continuous across S.

Also, magnetic intensity (H) to magnetise
varies for inside and outside the lump. So,
lines of H cannot all be continuous across S.

(a, d) Motion of charged partical produces

magnetism and nature of magnetism
depends on the motion of charge particle.

The primary origin of magnetism lies in the
fact that the electrons are revolving and
spinning about nucleus of an atom, that
gives rise to current called atomic current.

This atomic currents gives rise to
magnetism. In atom, electrons revolving and
spinning about nucleus of an atom is called

intrinsic spin of electron.
(a, d) As we know that, the magnetic field

5. (b) According to the Curie law, the intensity of
magnetisation (I) is directly proportional to 3.

the magnetic field induction and inversely
proportional to the temperature (t) in kelvin.
So, I magnetisation

B (magnetic field induction)

t(temperature in kelvin)

intensity H=nl,
where n = number of turns per metre of a
solenoid and I = current.
And the magnetic induction

B= Y, u,nl (1)
So, for solenoid H=nl

L B 4 . H= 1000 x 1 =1000Am
1 b (" given,n=1000)
As given that :I; =8 Am™!, I,=? So, H is a constant, then it is nearly
B,=0.6T,t,=4K unchanged.

B,=02T,t,=16K
by putting the value of B, B,, t,, t, I, in
equation (i)
02 4 1
0, ——X—=

X = 2
06 16 8

1
We get, I,= SXE

2
12 = gA/m

Multiple Choice Questions (More Than

Magnetic field lines for magnetic induction
(B) form continuous lines so, lines of B are

From (1), B=p, p,nl

= (o nDp, =ky,

(.. where, K = constant)

So, Bocp,
Hence, we find that, B varies with the
variationin 1 .
By curies law, when temperature of the iron
core of solenoid or ferromagnetic material
is raised beyond Curie temperature, then it
behave as paramagnetic material, where,
Susceptibility of (X, )pero; = 10°
Susceptibility of (¥, )p,ray =107

One Option) - B, X, (tw)y 10 .
(a, d) As we know that, the magnetic intensity So, B X —(X ) TR
(H) outside any magnet is H= B/, 2 2 8"‘ Para2
For inside the magnet H =B/, B,= 10_ ;32
where p_is the relative permeability of o, B,=107B,
material. 4. (ac,d)

Electrostatic shielding is the shielding
which block the effects of an electric field.
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The conducting shell can block the effects
of an external field on its internal content or
the effect of an internal field on the outside
environment.

As non existence of mono pole magnetic
field lines cannot be stopped or shield. So,
perfect shielding is not possible.
Magnetostatic shielding is done by using
an enclosure made of a high permeability
magnetic material to prevent a static
magnetic field outside the enclosure from
reaching objects inside it or to confine a
magnetic field within the enclosure.

(b,c,d)

Angle of dip is the angle made by the total
magnetic field of the earth with the surface
of the earth.

The net magnetic field of the earth will be
zero and it modelled by a point magnetic
dipole at the centre, then it is in the same
plane of geographical equator. So, the angle
of dip at a specific point on the geographical
equator will be zero, it is not zero at all point
of geographical equator and it is bounded
in a range from positive to negative value.

Very Short Answer Questions

The comparison between the spinning of a
proton and an electron can be done by
comparing their magnetic dipole moment

h
M =%
P 4nm
eh
and M = ( ﬂ = constant)
4mm, 41
1
Mo —
m
or. % = m,
) M m

(4 p
As the mass of proton is 1837 times of electrons
so (mp=1837me).

B M, xm,

M =
P 1837m,

M

c

183

S %_L<<l
o M. 1837
= 1\/Ip<<]\/Ie

Hence, the effect of magnetic moment of proton
is neglected as compared to that of electron.
As we know that :

I
M (Magnetic moment) = Tm (1)

As given that, M (intensity of
magnetisation) = 10 A/m.
I(length)=10cm=10x 102m=0.1m
I, (magnetisation current) = ?

I
From (i) M= Tm
So, L, =Mx1=100%0.1
I, = 10° A

Magnetic susceptibility is a measure of how a
material behaves in external magnetic field.

As we know that :

Intensity of Magnetisation (M)
X~ Magnetic field intensity (H)

_ Magnetic moment (M)/Volume (V)
H

M__ M M
" HV  H(mass/density) Hm

where magnetic material are same

[ gy ~omsn]
s —— = constant
Hm

So, (xecp)
p
Hence, T _ TN (1)
Xcu pCu
The density of nitrogen is :
28g 28g 28¢g ,

Py er cm

- T 0040 T 22400ml ~ 22400

and, density of copper is pg, =8 g/cm?
Now, comparing both densities
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Susceptibility of magnetic material y = l,

where [ is the intensity of magnetisation induced
in the material and H is the magnetising force.
Due to orbital motion of electrons of
diamagnetism in an atom developing magnetic
moments opposite to applied field. So, the net
magnetic moment of the diamagnetic material is
zero and hence, the susceptibility y of
diamagnetic material is not much affected by
temperature.

The direction of magnetism due to orbital motion
of electrons in (paramagnetism and
ferromagnetism) the external field applied in the
same direction, so net magnetism increased due
to temperature. As temperature is raised, the
alignment is disturbed, resulting decrease in
susceptibility of both with increase in
temperature.

(¢) Aswe know, superconducting material and
nitrogen are diamagnetic materials in nature.
When a superconducting material is dipped in
liquid nitrogen then superconducting material
will again behave as a diamagnetic material. When
that diamagnetic material is placed near a bar
magnet, it will be feebly magnetised opposite to
the direction of magnet or magnetising field.
Hence, it will be repelled and also its direction of
magnetic moment will be opposite to the
direction of magnetic field.

Short Answer Questions

1.

Draw the figure as per given situation,

As we know that :
The gauss’s law in magnetisation is :

$BdS=0
As given that :

Magnetic moment (M) of dipole at origin O is

M= Mk
Consider P be a point at distance r from O and
OP makes an angle 0 with z-axis. Component of
M along OP = Mcos6.
So, the magnetic field induction at P due to dipole
of moment Mcos6 is
1, 2Mcos6 ,
-7
dn
According to the diagram, r is the radius of

sphere with centre at O lying in yz-plane. Take
an elementary area dS of the surface at P. So,

dS= r(rsin06do)t

B=

= r’ sin 6d6F
{ dezﬁords—rzde}
2M
$BS = By 2Me0sO 2 g o)
4n r
= M—— 25sin 0.cos 0dO = ——ISIII 20d0
dn r v
B ﬁM(—cos%)z"
CAnr 2 )
Yy o M B
=— cos4n —cos0 ——|1-1{=0
4n 2 r[ ] 2r[ ]

@Bdszo

The system will be in stable equilibrium if the
net force on the system is zero and net torque
on the system is also zero. That is possible only
when the poles of the remaining two magnets
are as given figure.

The north pole of magnet (1) is equally attracted
by south poles of (2) and (3) magnets placed at
equal distance.

N0
s.2) s

N"(3) N
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Let us consider the angle between p and E is 6.
Torque on electric dipole of moment p in electric
field (E),
So t=pE sin0.
And the angle between M and B is also 6.
Torque on magnetic dipole moment M in
magnetic field B,
7= MBsin6

Two motions will be identical, if

pEsin® = MBsin0

pE=MB ..()
As we know that, the relation between E and B
is E=cB
By, Putting the value of E in Eq. (i),
pcB=MB

M
So, p=—

C

As we know that
The time period of oscillation is,

T=2n L
MB

where,
M = magnetic moment of the magnet
B = uniform magnetic field in which magnet is
oscillating.
ifa magnet of magnetic moment M is cut into n
equal parts then magnetic moment M of all equal
parts isnM'=M
Magnetic dipole moment for two parts of magnet

M'=M/2)
So, magnetic moment of each parts of magnet is
=M/2

2

Here, moment of inertia 1=

When magnet is cut into two equal pieces,
perpendicular to length, then moment of inertia
of each piece of magnet about an axis
perpendicular to length passing through its
centre is

I': mld!2

m’ 1 1 mi*
I': —_—X—=— '.'I:_
12 8 8 12
o
0, = 3
Magnetic dipole moment
=M/2
Its time period of oscillation is
I 1/8 2n
T=2n 20— 2
M'B (M/2)B~ 2 \MB
T
2
S N

Let the magnetic field line of B through the bar
magnet must be in a closed loop as shonw in
figure above.

Consider C an amperian loop

So, del _([H—Odl

As the angle between B and dl is less than 90°
inside the bar magnet. So, cos® > 1 it is positive.

j Hdl _ j —dl>0
o Mo
ie. positive
Hence, the lines of B must run from south pole(S)
to north pole (N) inside the bar magnet. By
Ampere’s law,

gS Hdl

PQP

=0
Q P

43 Hdl :jH.d1+jH.d1 =0

PQP P Q

P
As J. H.dl <0 (inside the magnet)

Q
So, J' H.dl >0 (outside the magnet)
P
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Hence, it will be so angle between H and dl is
more than 90°, so that cos 0 is negative. [t means
the line of H must run from N-pole to S-pole
inside the bar magnet.

Long Answer Questions

1.  Consider the figure below according to the given
situation.

(0,0,a) 4 A

»—>o
ay
S

—
M4

S X
/o<— R—™> (R, 0,0)
y

In above figure from P to Q, every point on the
z-axis lies at the axial line of magnetic dipole of
moment M. Magnetic field induction (B) at a
point (0, 0, z) distance z from the magnetic dipole

e.

of magnetic moment is
poto 2] M
4n 7’ 2nz’

(1) Byampere's law, along z-axis from Pto Q

Q Q R
[Ba — [Bdicos0° - [Bdz
P P a
R
= hMde: M(__lj(L_LJ
2n z 2n \ 2 J\AR? a?
_Eﬁﬂti_lq
"~ 4x \a? R?

(i) Byampere's law along the quarter circle QS
of radius R as shown in the figure below:

/
(0,0,R)
ot
R A
Rt
—_—>

M/
m sin 6 X
/ O P (ROO)

The point A can be considered on the equatorial

line of the magnetic dipole of moment Msin.
So, magnetic field at point A on the circular arc
is
M, Msin6

C4n RP
_dl

R
Byampere's law,

; dl=Rd0

de

/2 .
Msin6
[Bal =[Bdlcoso = [ 12=7—Rd0
0

. py M 72 Mg M

=——(-cosb)y =-——

Circular arc Ar R ( )o iR
(iii) By ampere's law along x-axis from (X =R to
X =a) over the path ST, consider the figure

here given below:
z
—
M
T PS
0,00 (R 0 0)
a, 0, , 0,

Ol(#ﬂ

y

In above figure, every point lies on the
equatorial line of magnetic dipole. Magnetic
field induction at a point ((P) at a) distance x
from the dipole is

Hy M

T 4nx
Ifangle between (—M) and dl is 90°.

T a
M
So, !Bm:£—4 ~.dl=0
(iv) Byampere's law along the quarter circule

TP of radius a. Shown in the figure given

below
z
4
0,0,a) P
0 dl
A3 T
m sin 0 >X
0 (a,0,0)
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From case (ii), we have the line integral of B
along the quarter circle TP of radius a is

circular arc TP
9 1o Msin0 M0
[Bar= [ 2020 adG:ZO > | sinode
/2 4 a Ta /2
poM
[ cosB]n/z— 3 [-1+0]
T a 4ma
_ “mM
4n az
Q S T P
gS Bdl = jB.d1+ j B.dl+JB.d1+ j Bdl
PQST P Q S T
pMP 11 +Eo M+O+(—“—OM]=O
4 az R2 4r R2 4r az
Hence, Sf) Bdl =0
PQST

Magnetic susceptibility is a measure of how a
magnetic material responds to an external field,

(Intensity of magnetisation)

So, = -
L (Magnetising force)

As M and H both have same units and

dimensions. Thus, y has no dimensions. Here, y

is to be related with e, m, v, R and p,.

As we know that, the dimensions of  is
=[MLQ 7]

By Biot-Savart's law,

Ko IdIsin®
B an r2
4nr dB 4751‘ F

SO) uo

Idlsin® Tdlsin® | qvsin®

{.'dB: F }
qvsin 6
1? x(mLT2)

= MLQ
(QT )W x1x(Q)(LT ) (1) o’

~F=MLT?2, 1=QT,V=LT1,0=90°

where Q is the dimension of charge.

. depends on magnetic moment induced when

H is turned on and M and H both have same

unit.

So, dimensions of

So, x is dimensionless, it should have no
involvement of charge Q in its dimensional
formula. It will be so if u, and e together should
have the value uoe as e has the dimensions of
charge.
Consider, dimension of y = p,e?m®’R¢  ...(i)
where a, b, ¢ are the power of m, v and R
respectively, such that relation (i) is satisfied.
Dimensional equation of (i) is
[MOLOTOQ] = [MLQ <[ Q*][M (LT PX[L]¢
[Ml fap I+ b+ cT—bQO]
Equating the powers of M, L and T, we have,
0=1+a

so
=-b

So, 0=1+0+c
0

=1+b+c
So, c=-1
By putting values of a, b, ¢ in Eq. (i), we get

Y= uoe m ly2R!

2
= L;‘i; . (i)
As given that; py=4nx107 TmA™,
e=16x10"1C,
m=9.1x103"kg,
R=10""m
2
(4nx107)x(1.6x10719)"
S0, 1= 31 w10
(9.1 x10™ )x107
1074
Hence, L =——==10
X(given solid) 10
(a) As given that,
Mo 2mcosb )
By= Ar —r3 .. (1)
B &smem B
By A —r3 .. (i)
B IB.]

2l

)
wl
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Squaring both the equations and adding, we get
B?=B+B2

2
- (Z—O) m—6[4cos2 0+sin’0)]
n/r

H, m 2 2o
— 2 [

B= B, +B; = A p [3cos? 0 +1] ...(ii1)
From Egq. (iii), the value of B is minimum,

ifcos 0= r
2

T . .
0= 5 So, the magnetic equator is the locus.

(b) Forangleofdip dis

K, 2mcos6
tan 8= By =—G - r
B, M, sinbm
4 1
= 2cot6 L. (iv)
tan 6=2cot 0

For dip angle is zero, so, that 5 =0,

n
cot0=0,0= 5
So locus is magnetic equator.
(c) tan 6= E—V
H
If, (5=+45°)

By tan (45, 2L —tan 45°
or, B an ( ), B n

ﬁ: ,|By =By
2cotO=1 From Eq. (iv)
cotO= 1
2
tan 0 =2
So, 0=tan"!(2)

Hence, 0 = tan!(2) is the locus

The declination is zero as P is in the plane S,
needle is in north,

A N North
o N ] direction
SER AT
oS g
60‘\)6
®P
M,
Magnetic “
equator -

South S

direction

Pis lies on the magnetic equator, so the angle of
dip = 0, because the value of angle of dip at
equator is zero. Q is also on the magnetic equator,
thus the angle of dip is zero. As angle between
axis of rotation of earth tilted on its magnetic
axis by 11.3°, so the declination will be 11.3°
between P and Q.

As given that C, is circular coil of radius R, length
L, number of turns per unit length

L
- 2R
C, is square of side a and perimeter L, number of

ny

L
turns per unit lengthn, = —

4a
a
a a
a
Somagnetic moment of C,
LR’
m;=n 1A= R
And magnetic moment of C,
2
m, =n, IA2: —la
LIR n
m=—— (1
2
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Lla .
m,= e .. (i)
Moment of inertia of C,
MR?
1=
== (i)
Moment of inertia of C,
Ma’ ,
= L= D . (IV)
As the frequencies for both coil are given by
fi=14
1

So, time period of C,

I
_ 2t |——
=T, W/m]B
And time period of C,

I2
m,B

2

_2
= T,= <"

From (v): T,=T,
2n L 2 L
m,B m,B
I1 IZ
m, - m,
m L .
or m, ] (Vi)

Putting the values by Egs. (1), (ii), (iii) and (iv) in
(vi)

S Lla2  Ma’2
o 4xLIR  12.MR?
a a’
2R 6R?
a=3R



Chapter Six

ELECTROMAGNETIC
INDUCTION

EXERCISES

6.1 Predict the direction of induced current in the situations described
by the following Figs. 6.18(a) to (f).

T

.4 B ==
*******

() (b)

N
Current (I) decreasing at
[ , l ‘

a steady rate

(Tapping key just released)
(e (f)

FIGURE 6.18 229
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6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Use Lenz's law to determine the direction of induced current in the
situations described by Fig. 6.19:

(a) A wire of irregular shape turning into a circular shape;

(b) A circular loop being deformed into a narrow straight wire.

FIGURE 6.19

A long solenoid with 15 turns per cm has a small loop of area 2.0 cm?
placed inside the solenoid normal to its axis. If the current carried
by the solenoid changes steadily from 2.0 A to 4.0 Ain 0.1 s, what is
the induced emf in the loop while the current is changing?

A rectangular wire loop of sides 8 cm ad 2 cm with a small cut is
moving out of a region of uniform magnetic field of magnitude 0.3 T
directed normal to the loop. What is the emf developed across the
cut if the velocity of the loop is 1 cm s™ in a direction normal to the
(a) longer side, (b) shorter side of the loop? For how long does the
induced voltage last in each case?

A 1.0 m long metallic rod is rotated with an angular frequency of
400 rad s about an axis normal to the rod passing through its one
end. The other end of the rod is in contact with a circular metallic
ring. A constant and uniform magnetic field of 0.5 T parallel to the
axis exists everywhere. Calculate the emf developed between the
centre and the ring.

A circular coil of radius 8.0 cm and 20 turns is rotated about its
vertical diameter with an angular speed of 50 rad s! in a uniform

horizontal magnetic field of magnitude 3.0 x 102 T. Obtain the
maximum and average emf induced in the coil. If the coil forms a

closed loop of resistance 10 Q, calculate the maximum value of current
in the coil. Calculate the average power loss due to Joule heating.
Where does this power come from?

A horizontal straight wire 10 m long extending from east to west is
falling with a speed of 5.0 m s, at right angles to the horizontal
component of the earth’s magnetic field, 0.30 x 10* Wb m™2.

(a) What is the instantaneous value of the emf induced in the wire?
(b) What is the direction of the emf?

(c) Which end of the wire is at the higher electrical potential?
Current in a circuit falls from 5.0 A to 0.0 A in 0.1 s. If an average emf
of 200 V induced, give an estimate of the self-inductance of the circuit.
A pair of adjacent coils has a mutual inductance of 1.5 H. If the
current in one coil changes from 0 to 20 A in 0.5 s, what is the
change of flux linkage with the other coil?

A jet plane is travelling towards west at a speed of 1800 km/h. What
is the voltage difference developed between the ends of the wing
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having a span of 25 m, if the Earth’s magnetic field at the location
has a magnitude of 5 x 10T and the dip angle is 30°.

ADDITIONAL EXERCISES

Suppose the loop in Exercise 6.4 is stationary but the current
feeding the electromagnet that produces the magnetic field is
gradually reduced so that the field decreases from its initial value
of 0.3 T at the rate of 0.02 T s7'. If the cut is joined and the loop
has a resistance of 1.6 Q, how much power is dissipated by the
loop as heat? What is the source of this power?

A square loop of side 12 cm with its sides parallel to X and Y axes is
moved with a velocity of 8 cms™ in the positive x-direction in an
environment containing a magnetic field in the positive z-direction.
The field is neither uniform in space nor constant in time. It has a
gradient of 102 T cm™' along the negative x-direction (that is it increases
by 10-® T cm~!as one moves in the negative x-direction), and it is
decreasing in time at the rate of 10T s™'. Determine the direction and
magnitude of the induced current in the loop if its resistance is 4.50 mQ.

It is desired to measure the magnitude of field between the poles of a
powerful loud speaker magnet. A small flat search coil of area 2 cm?
with 25 closely wound turns, is positioned normal to the field
direction, and then quickly snatched out of the field region.
Equivalently, one can give it a quick 90° turn to bring its plane
parallel to the field direction). The total charge flown in the coil
(measured by a ballistic galvanometer connected to coil) is
7.5 mC. The combined resistance of the coil and the galvanometer is
0.50 Q. Estimate the field strength of magnet.

Figure 6.20 shows a metal rod PQ resting on the smooth rails AB
and positioned between the poles of a permanent magnet. The rails,
the rod, and the magnetic field are in three mutual perpendicular
directions. A galvanometer G connects the rails through a switch K.
Length of the rod = 15 cm, B = 0.50 T, resistance of the closed loop
containing the rod = 9.0 mQ. Assume the field to be uniform.
(a) Suppose K is open and the rod is moved with a speed of 12 cm s
in the direction shown. Give the polarity and magnitude of the
induced emf.

Q

==

FIGURE 6.20
(b) Is there an excess charge built up at the ends of the rods when
K is open? What if K is closed?
(c) With K open and the rod moving uniformly, there is no net
force on the electrons in the rod PQ even though they do

231
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experience magnetic force due to the motion of the rod. Explain.

(d) What is the retarding force on the rod when K is closed?

(e) How much power is required (by an external agent) to keep
the rod moving at the same speed (=12 cm s™!') when K is closed?
How much power is required when K is open?

(f) How much power is dissipated as heat in the closed circuit?
What is the source of this power?

(g) What is the induced emf in the moving rod if the magnetic field
is parallel to the rails instead of being perpendicular?

An air-cored solenoid with length 30 cm, area of cross-section 25 cm?

and number of turns 500, carries a current of 2.5 A. The current is

suddenly switched off in a brief time of 10®s. How much is the average
back emf induced across the ends of the open switch in the circuit?

Ignore the variation in magnetic field near the ends of the solenoid.

(a) Obtain an expression for the mutual inductance between a long
straight wire and a square loop of side a as shown in Fig. 6.21.

(b) Now assume that the straight wire carries a current of 50 A and
the loop is moved to the right with a constant velocity, v = 10 m/s.
Calculate the induced emf in the loop at the instant when x = 0.2 m.
Take a = 0.1 m and assume that the loop has a large resistance.

a
X
—>a af——»»v
a
FIGURE 6.21

A line charge 2 per unit length is lodged uniformly onto the rim of a
wheel of mass M and radius R. The wheel has light non-conducting
spokes and is free to rotate without friction about its axis (Fig. 6.22).
A uniform magnetic field extends over a circular region within the
rim. It is given by,

B=-Bk (r<a;a<R

=0 (otherwise)
What is the angular velocity of the wheel after the field is suddenly
switched off?

FIGURE 6.22
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Multiple Choice Questions (MCQs)

A square of side L metres lies in the xy-plane in
a region, where the magnetic field is given by

B=B, (21 +3j +4k) T, where B, is constant.
The magnitude of flux passing through the

square is
(a) 2B L2Wb (b) 3B,L2Wb
(c) 4B,L*Wb (d) v29B,I>Wb

A loop, made of straight edges has six corners
atA(0,0,0),B(L,0,0),C(L, L, 0),D(0,L, 0), EQ, L,

L)and F (0,0, L). Amagnetic field B=B,( + k)
T is present in the region. The flux passing

through the loop ABCDEFA (in that order) is
(a) B)L2 Wb (b) 2B,L’Wb
(c) V2B,L> Wb (d4B,L*Wb

A cylindrical bar magnet is rotated about its axis.
A wire is connected from the axis and is made to
touch the cylindrical surface through a contact.

Then,
(a) adirect current flows in the ammeter A
(b) no current flows through the ammeter A

(c) an alternating sinusoidal current flows
through the ammeter A with a time period

27
T=—
®

(d) atime varying non-sinusoidal current flows

through the ammeter A.

There are two coils A and B as shown in figure a
current starts flowing in B as shown, when A is
moved towards B and stops when A stops
moving. The current in A is counter clockwise.
B is kept stationary when A moves. We can infer

that

(a) there is a constant current in the clockwise

directionin A
(b) thereis a varying currentin A
(c) thereisno currentin A

(d) there is a constant current in the counter

clockwise direction in A
A

5.

Same as problem 4 except the coil A is made to
rotate about a vertical axis (figure). No current
flows in BifA isatrest. The current in coil A,when
the current in B (at t = 0) is counter-clockwise
and the coil A is as shown at this instant, t =0, is

(a) constant current clockwise

(b) varying current clockwise

(c) varying current counter clockwise
(d) constant current counter clockwise

~F0 B

ofe

The self inductance L of a solenoid of length /
and area of cross-section A, with a fixed number
of turns N increases as

(a) /and A increase

(b) /decreases and A increases
(c) [increases and A decreases
(d) both / and A decrease

Multiple Choice Questions (MCQs)
(More than one option correct)

A metal plate is getting heated. It can be because

(a) adirect current is passing through the plate

(b) itisplaced in a time varying magnetic field

(c) itisplaced in a space varying magnetic field,
but does not vary with time

(d) a current (either direct or alternating) is
passing through the plate

An emf is produced in a coil, which is not

connected to an external voltage source. This

can be due to

(a) the coil being in a time varying magnetic
field

(b) the coil moving in a time varying magnetic
field

(c) the coil moving in a constant magnetic field

(d) the coil is stationary in external spatially
varying magnetic field, which does not
change with time


bts
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The mutual inductance M, of coil 1 with respect

to coil 2

(a) increases when they are brought nearer

(b) depends on the current passing through the
coils

(c) increases when one ofthem is rotated about
an axis

(d) is the same as M, of coil 2 with respect to
coil 1

A circular coil expands radially in a region of

magnetic field and no electromotive force is

produced in the coil. This can be because

(a) the magnetic field is constant

(b) the magnetic field is in the same plane as the
circular coil and it may or may not vary

(c) the magnetic field has a perpendicular (to
the plane of the coil) component whose
magnitude is decreasing suitably

(d) there is a constant magnetic field in the
perpendicular (to the plane of the coil)
direction

Very Short Answer Questions

1.

Consider a magnet surrounded by a wire with
an on/off switch S (figure). If the switch is
thrown from the off position (open circuit) to
the on position (closed circuit), will a current
flow in the circuit? Explain.

Bar Bar
magent S magent

Circuit open Circuit closed

A wire in the form of a tightly wound solenoid is
connected to a DC source, and carries a current.
If the coil is stretched so that there are gaps
between successive elements of the spiral coil,
will the current increase or decrease? Explain.
A solenoid is connected to a battery so that a
steady current flows through it. If an iron core is
inserted into the solenoid, will the current
increase or decrease? Explain.

Consider a metal ring kept on top of a fixed
solenoid (say on a cardboard) (figure). The
centre of the ring coincides with the axis of the
solenoid. If the current is suddenly switched
on, the metal ring jumps up. Explain.

\(_/

Consider a metal ring kept (supported by a
cardboard) on top of a fixed solenoid carrying a
current I (see figure of Question 14). The centre
of the ring coincides with the axis of the solenoid.
If the current in the solenoid is switched off,
what will happen to the ring?

Consider a metallic pipe with an inner radius of 1
cm. Ifa cylindrical bar magnet of radius 0.8 cm is
dropped through the pipe, it takes more time to
come down than it takes for a similar
unmagnetised cylindrical iron bar dropped
through the metallic pipe. Explain.

Short Answer Questions

A magnetic field in a certain region is

B =B, cos(mt)lA( and a coil of radius a with
resistance R is placed in the x-y plane with its
centre at the origin in the magnetic field (figure).
Find the magnitude and the direction of the
current at(a, 0, 0) at

t= T '[_E dt_3_n
20 0 M e
y
@k

\(0, 0.6y 0,67

Consider a closed loop C in a magnetic field
(figure). The flux passing through the loop is
defined by choosing a surface whose edge
coincides with the loop and using the formula ¢
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=B, dA,, B, dA, ... . Now, if we choose two
different surfaces S, and S, having C as their
edge, would we get the same answer for flux.
Justify your answer.

Find the current in the wire for the configuration
shown in figure. Wire PQ has negligible
resistance. B, the magnetic field is coming out
of the paper. 0 is a fixed angle made by PQ
travelling smoothly over two conducting parallel
wires separated by a distance d.

@8 D P @B

B B
g =gl e
e
Q@B O
It is independent of g.

A (current versus time) graph of the current
passing through a solenoid is shown in figure.
For which time is the back electromotive force
(u) amaximum. Iftheback emfatt=3sis e, find
the back emfatt="7s, 15sand 40 s. OA, ABand
BC are straight line segments.

< oAt

3 T 1A A

5

3 10 25
1At
oAt

There are two coils A and B separated by some
distance. If a current of 2A flows through A, a
magnetic flux of 102 Wb passes through B (no
current through B). Ifno current passes through
A and a current of 1 A passes through B, what is
the flux through A?

Long Answer Questions

A magnetic field B = B sin((ot) k coversa large
region where a wire AB slides smoothly over
two parallel conductors separated by a distance
d (figure). The wires are in the x-y plane. The
wire AB (of length d) has resistance R and the
parallel wires have negligible resistance. [fAB
is moving with velocity v, what is the current in
the circuit. What is the force needed to keep the
wire moving at constant velocity?

YA

A

o8 |®R

@Bdﬁv
®

O \J/BRX

A conducting wire XY of mass m and negligible
resistance slides smoothly on two parallel
conducting wires as shown in figure. The closed
circuit has aresistance R due to AC. AB and CD
are perfect conductors. There is a magnetic field

B=B()k.

y
A X B
®B
R >V [
@B
S /> X
x(t)—> D

(i) Write down equation for the acceleration of
the wire XY.

(i) If B is independent of time, obtain v(t),
assuming v(0) = u,,

(i) For (ii), show that the decrease in kinetic
energy of XY equals the heat lost in.

ODBAC is a fixed rectangular conductor of

negligible resistance (CO is not connected) and

OP is a conductor which rotates clockwise with

an angular velocity o (figure). The entire system

is in a uniform magnetic field B whose direction
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is along the normal to the surface of the
rectangular conductor ABDC. The conductor OP
is in electric contact with ABDC. The rotating
conductor has a resistance of A per unit length.
Find the current in the rotating conductor, as it
rotates by 180°.

A ©B B
T ®B ®B
I
Pi <—l—>|<—l—>'\‘” A
¢ T a2

Consider an infinitely long wire carrying a

dl
current I(t), with n =X = constant. Find the

current produced in the rectangular loop of wire
ABCD ifitsresistance is R (figure).

¢ ! >

=

A B
dT
X
D — cl
"

A rectangular loop of wire ABCD is kept close
to an infinitely long wire carrying a current
I(t) =1, (1 - t/T) for 0 <t <T and 1(0) = 0 for
t >T (figure.). Find the total charge passing
through a given point in the loop, in time T. The
resistance of the loop is R.

S
7

— L ——f

T

L, + X

D - c
X

7

A magnetic field B is confined to a region r < a
and points out of the paper (the z-axis), r =0
being the centre of the circular region. A charged
ring (charge = Q) of radius b, b>a and mass m
lies in the x-y plane with its centre at the origin.
The ring is free to rotate and is at rest. The

magnetic field is brought to zero in time At. Find
the angular velocity o of the ring after the field
vanishes.

A rod of mass m and resistance R slides smoothly
over two parallel perfectly conducting wires kept
sloping at an angle 0 with respect to the
horizontal (figure). The circuit is closed through
a perfect conductor at the top. There is a
constant magnetic field B along the vertical
direction. If the rod is initially at rest, find the
velocity of the rod as a function of time.

Find the current in the sliding rod AB (resistance
= R) for the arrangement shown in figure. B is
constant and is out of the paper. Parallel wires
have no resistance, v is constant. Switch S is
closed attime t=0.

X A

9]

@B

@B @B
l —>v d
CT ®B
Y B

Find the current in the sliding rod AB (resistance
= R) for the arrangement shown in figure. B is
constant and is out of the paper. Parallel wires
have no resistance, v is constant. Switch S is
closed attime t=0.

—>v d
L ®B ®B
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A metallic ring of mass m and radius / (ring being
horizontal) is falling under gravity in a region
having a magnetic field. If z is the vertical
direction, the z-component of magnetic field is
B, =B, (1+ 1 z). IR is the resistance of the ring
and if the ring falls with a velocity v, find the
energy lost in the resistance. If the ring has
reached a constant velocity, use the
conservation of energy to determine v in terms
of m, B, A and acceleration due to gravity g.

11.

A long solenoid S has n turns per meter, with
diameter a. At the centre of this coil, we place a
smaller coil of N turns and diameter b (where
b < a). If the current in the solenoid increases
linearly, with time, what is the induced emf
appearing in the smaller coil. Plot graph showing
nature of variation in emf, if current varies as a
function of mt? + C.

1.

NCERT EXEMPLAR SOLUTIONS
Multiple Choice Questions (MCQs)

(¢) As we know that, the magnetic flux linked

with uniform surface of area A in uniform

magnetic fieldis ¢=B.A

The direction of A is perpendicular to the plane

of square and square line in x-y plane in a region.
A=1%

As given that, B= B0(2§+3j+412)
o=B.A=B, (21 +3j+4k) L’k
= 4B,[’Wb

(b)The loop can be considered in two planes,
Plane of ABCDA lies x-y plane whose area vector

A, =|Alk, A, =Lk
whereas plane of ADEFA lies in y-z plane whose

So,

area vector A, =|A| i, A,=1? i
Then the magnetic flux linked with uniform
surface of area A in uniform magnetic field is

YA
L,L,0
(O.L,0) ( ¢ )
L
oub[ | Lt >3
A B(L,0,0)”
£ (000)
Z%(0,0,L)

0=B.A
A=A1 tA,)= (L21;+L2i)
and B= B, (i+k)

Now, p=B.A=B, (i + k)-(2k + L]
= 2B,L2Wb

3.

(b) Induced current flow only when circuit is
complete and there is a variation about circuit
this problem is associated with the phenomenon
of electromagnetic induction.

If there is a symmetry in magnetic field of
cylindrical bar magnet is rotated about its axis,
no change in flux linked with the circuit takes
place, consequently no emfinduces and hence,
no current flows in the ammeter (A).

Axis
T
&
Bar —>| ——7
magnet ®
S‘ ~~~~~~
\:—/ >0
v

(d When the coil A stops moving the current
in B b ecome ze ro, it possible only if the current
in A is constant. If the current in A would be
variable, there must be an induced emf (current)
in B even if the A stops moving. So there is a
constant current in same direction or counter
clockwise direction in A as in B by lenz's law.
(@) By Lenz's law, at (t =0) the current in B is
counter-clockwise and the coil A is considered
above to it. The counterclockwise flow of the
current in B is equivalent to north pole of magnet
and magnetic field lines are emanating upward
to coil A.
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When coil A start rotating at t =0, the current in
A is constant along clockwise direction by
Lenz’s rule. As flux changes across coil A by
rotating it near the N-pole formed by flowing
current in B, in anticlockwise.
() The self-inductance of a long solenoid of
cross-sectional area A and length /, having n
turns per unit length, filled the inside of the
solenoid with a material of relative permeability
is given by

L=ppmn*Al

n= N//

N2A
L=pu, { ¥ }.I

1
L uear (LeaLal)

As p_and N are constant here so, to increase L
for a coil, area A must be increased and / must be
decreased.

Multiple Choice Questions (More Than
One Options)

1.

(a,b,d)
A plate or conductor is getting heated when a
DC or AC current is passed due to heating effect
of electric current (H = I?Rt). Also, when metal
plate is subjected to time varying magnetic field,
the magnetic flux linked with the plate changes
and eddy currents comes into existence which
make the heating of plate take place.
(a,b,¢)
emf produced in coil due to change in magnetic
flux with time or magnetic flux linked with the
isolated coil change when the coil being in a
time varying magnetic field, the coil moving in a
constant magnetic field or in time varying
magnetic field
(a,d)
The mutual inductance M,, of coil increases
when they are brought nearer and is the same as
M, , of coil 2 with respect to coil 1.
(M,,), mutual inductance of solenoid S, with
respect to solenoid S,

M,, = pon,n,mr?/
where r,/is the common area of cross-section of
coil and common length (/) so M, on passing

current and rotation.

So, M,, i.e., mutual inductance of solenoid S,
with respect to solenoid S, is

M, , = pon,n,mr?l
So,weget, M,=M, =M
(b,c)
When circular coil expands in the region of
magnetic field such that when it is in the same
plane as the circular coil or the magnetic field
has a perpendicular to the plane of the coil
component whose magnitude is decreasing
suitably so that the cross product of magnetic
field and surface area of plane of coil remain
constant at every instant.

Very Short Answer Questions

1.

When the switch is thrown from the off position
(open circuit) to the on position (closed circuit),
then, neither B, nor A nor the angle between B
and A change. There is no change in magnetic
flux B linked with coil occur, so no electromotive
force is produced and consequently no current
will flow in the circuit.

When the coil is stretched, magnetic flux will
leak through the gaps between successive
elements of the spiral coil i.e., the wires are pulled
apart. According to Lenz’s law, the emf produced
must oppose this decrease, which can be done
by an increase in current. Hence current will
increase.

If the ferromagnetic iron core is inserted in the
current carrying solenoid, the magnetic field will
increase due to the magnetisation of iron core
and consequently the flux increases.

By Lenz's law, the emf produced must oppose,
this increase in flux, which can be done by
making decrease in current. So, the current in
solenoid will decrease.
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If the current is switched on, magnetic flux
increased across the ring. According to Lenz’s
law, this increase in flux will be opposed and it
can happen if the ring moves away from the
solenoid.

This is due to the flux increases will cause a
counter clockwise current i.e., opposite direction
to that in the solenoid.

That makes the same sense of flow of current in
the ring when viewed from the bottom of the
ring and solenoid forming same magnetic pole
infront of each other. So that, they will repel each
other and the ring will move upward.

A current was flowing through the solenoid so
it behave like a magnet and let S pole is upper
side as flux in ring is constant, so no induced
current in ring.

When the current is switched off, magnetic flux
decrease through the ring. According to Lenz’s
law, this decrease in flux will be opposed and
the ring experience downward force towards the
solenoid.

This is due to the flux i decrease will cause a
clockwise current, the same direction to that in
the solenoid. That makes the opposite sense of
flow of current in the ring 'when viewed from the
bottom of the ring' and solenoid forming
opposite magnetic pole infront of each other.
So that, they will attract each other but as ring is
placed at the cardboard it could not be able to
move downward.

Consider cylindrical bar magnet of radius 0.8 cm
is dropped inside a hollow cylindrical metallic
pipe with an inner radius of 1 cm, flux linked with
the cylinder changes and eddy currents are
produced in the metallic pipe. According to
Lenz’s law, these currents will oppose the motion
of the magnet.

So, upward force acts on bar magnet, thus,
magnet's downward acceleration will be less than
the acceleration due to gravity g. Other wise, an
unmagnetised iron bar will not produce eddy
currents and will fall with an acceleration due to
gravity g.

So, the magnet will take more time to come down
than it takes for a similar unmagnetised cylindrical
iron bar dropped through the metallic pipe.

Short Answer Questions

1.

At any instant, flux passes through the ring is

¢=B.A =BAcos 0
or, ¢=B(ma?)coswt
By Faraday’s law of electromagnetic induction.,
Magnitude of induced emf'is

£=B(ma?)osinot
This causes flow of induced current, is

€

1= —
R
then, [= B (na% osinot/R
Now, finding the value of current at different
instants, thus we get current.

oo B, (na’) .
At, t= 20 I——R (along j)
) . T . T
Because sin ot =SIn (0)—] =sin—=1
20 2
T
At, t=—, I=0
®
. M n .
Here, sin ot = SN (mgj =sinn=0,
3n B(na?)w .
At, t= 20)~,I——T (along —_])
. . 3n . 3n
Because, sin ot=Sin| ®— | = sin—=—1
20 2

The magnetic flux linked with the surface can
considered as the number of magnetic field lines

passing through the surface. So, let d¢ = BA

represents magnetic field lines in an area A to
magnetic flux B.

By the concept of continuity of lines B cannot
end or start in space, so the number of lines
passing through surface S, must be the same as
the number of magnetic lines passing through
the surface S,. So, in both the cases we gets the
same magnetic flux.
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Considering the figure in which emf induced
across PQ due to its motion or change in
magnetic flux linked with the loop change due
to change of enclosed area .
The motional electric field E due to the motion
along CD is E = vB, the direction of E be
perpendicular to both V and B, (F=q x B).
So, the motional emfalong

PQ=(length PQ) x (field along PQ)

= (length PQ) x (VB sin0)

6= ( .d jx(vBsine) =vBd
sin 0

s®@s D P ®B
®B g ®o
R% L@B e, @8
>@B ®B v sin 6
0
Q@B ®B

The induced emf make flow of current in closed
circuit of resistance R.

Induced current = % = vBd
It is independent of q.
The back electromotive force in solenoid is (u)
will be maximum. If there is maximum rate of
change of current. This happens in AB part of
the graph. Thus maximum back emf will be
obtained between 5s <t < 10s.

So, the back emfatt=3sise.

Also, the rate of change of current at t = 3,
s=slope of OA from t=0s to t=5s = 1/5A/s.

So, back electromotive force

1 L
= LX— =——=¢
F 5 5

dl
If t = 3s,a =1/5 (L is a constant).

e= Lﬁ
dt

Similarly, we get back emf u, between 5 to 10

Applying

sec.
For 5s<t<10s
3 3
— L2 --2L=-3
% 5 5

So,att= 7s,u=-3e
Back emfbetween 10 to 30 sec.

For 10s <t<30s
2 L 1
L= = _
97550 T10 - 2°¢

For t>30s,u,=0
Hence, the back emfatt="7s, 15 s and 40 s are
—3e, e/2 and 0 respectively.

5. Let A current I, is passing through the coil A
having mutual inductance M, with respect to
coil Bis,

Noo, =My I
where, M, is called the mutual inductance of
coil A with respect to coil Band M, =M ,and
M, is called the mutual inductance of coil B
with respect to coil A.
Total flux through B,
N2¢2
M, = 1,
. Magnetic flux (N,0,)=102 .. [.=2 Amp
So, we get
-2
Mutual inductance = =5mH
Now, total flux through A is
N,0, =M,,I, =5SmHx 1A =5mWb
(- M, =M,,=5mH)
Long Answer Questions
1.  Consider the parallel wires at y=0. i.e., along x-

axisandy=d.

Att=0, AB has x =0, i.e., along y-axis and
moves with a velocity v. Let at time t, wire is at
x(t)=vti,

So, the motional emfacross AB is

g = (B, sinmt)vd(—j) = —(B,sinot)vd
emfdue to change in field (along OBAC)

&,=—B o cosot x(t)d
Total emf'in the circuit = emf due to change in
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field (along OBAC) + the motional emf across
AB=—[Bjocosot(x(t)d + (B sinwt)vd]

& =—Bd[wxcos(wt) + vsin(ot)]
Electric current in clockwise direction is

I_E_Bod
R

The force acting on the conductor is
F=1/Bsin90°=i/B

Substituting the values, we get

Then force needed along i

(ox cosot + vsinot)

B,d
= —1; (oxcosot + vsinwt) x d x B sinwt

B:d’

F= (®x cos ot + vsin wt) sin ot

Consider the parallel wires along x-axis at y=10
andy=1/ att=0,so XY hasx =0 i.e., along
y-axis.
(i) Letthe wire XY beatx=x (t) at timet=t, and
att=01satx =0,
The magnetic flux linked with the loop is
¢=B.A =BA cos 0=BA
Magnetic flux at any instant t time is
o) =B(O [ xx(®)]
Total emf'in the circuit = emf due to change in
field (along XYAC) + the motional emf across
XY

~ —dp()  —dB(1) dx(t)
Tt _TIX(t)_B(t)Z( dt)
_%ﬁ) dB“)z (O-BOND)

"

By Fleming right hand rule :
Electric current in clockwise direction is

E
[=—a
R
The force acting on the conductor is
= i/Bsin90° =i/B(t)
By putting all the values in above equation, we
get

Force=L(t)[ dB(t)I (t)- B(t)IV(t)il
R dt

From Newton’s second law of motion,
a'x () PR (0 dx

dt? R dt R dt
which is the required equation.

(ii) IfBisindependent of timei.e., B= Constant
(B does not change with time)

dB 0
dt
B(t)=Bandv(t)=v
Substituting the above value in Eq (i), we get,

i

? = R [B+Bv]
dv I’B?
—+ v=0
dt mR

Integrating using variable separable form of
differential equation, we have

—Iszt)
mR
Now, from given conditions,
att=0,v=u,
v(t) = u, exp(-I’B*/mR)
Which is the required equation,
(iii) As we know that, the power consumption is

v= Aexp(

P=PR
2%y BIVt
Here, PR=-BLVW, ¢ [1_}
R R
BI?
Power loss = R u? exp(-2I°B*t/ mR)

So, energy consumed in time interval dt is
=Pdt=1’Rdt
Then, the total energy consumed in time t

t
I “Rdt
0
BT’ R B e
“ o)
_ mug [l_e(—ZIZBZt/mr)]
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So, total energy consumed in time (t) is
=(initial K.E.) — (Final K.E.)

_ [Eug _m (t)}
2 2

Induced emf produced by the pattern of rate of
change of area can be considered uniform, it lies

between 0<6<E;E<9<3—n and3—7t<6<E
4 4 4 4 2

(i) Consider the position of rotating conductor
at time interval and making angle 0 lies
between 0 to 45°.

t=0t :i
0t 4w(orT/8)

I
l

C O R D
(i)
So, the rod OP will make contact with the side
BD as shown in figure (i). Consider the length
OQ of the contact at any instant t such that

i T
0<t<— or 0<t<— bex. The flux through
4o 8

thearea ODQ is
Magnetic flux in AODQ is
¢=BA

{ QI—D =tan 0, QD =/tan 9}

The direction of B and A are 0° or 180°.

¢:B%QD><OD = B%ltanexl

o= %Bi2 tan0, (- 0=ot)

1
= —BJ/? tan ot
2

By applying Faraday’s law of EMI,
So, the magnitude of the emf

d9
dt

1
£= =EBlzcosec2 ot

€
And, the currentis I= R

where R is the resistance of the rod in contact.

2

[= —wsec’ ot
where Roc A
R=Xx
From figure (i),
/
cos=—;x = ,(0=ot)
X cos6
[
X =
cos ot
Iy
So, R=
cos ot
And I= lBlza) sec’® ot cos ot
ne PRV,
B Blw
~ 2hcosot

(ii) Consider the length OQ of the contact at
. b 3n

some time t such that — <t<-— or
4o 4o

T 3T . .
S <t< < be x. Therod is in contact with
the side AB. The flux through the area
OQBDis

0=B.A

1
Area of AORQ= 5 yl
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/
tan0= —
y
|
Y= tan©
arcac L
rea= 2 tan 0
2
o= (12+l ! jB
2 tan 0
Where, 0=t

So, the magnitude of emf generated in the loop
is

do 1 :
. do _Lapo sec2 ot
d 2 tan” ot
Th s 1= = —
e current is "R x
gsin ot Blw

1
A 2 Asinot

iii) Similarly f 3—n<t<£or£<t<I
(iii) Similarly for 1o 23 ,

the rod will be in touch with AC.

A< 21 > B
NI f
\ e i

c 0<——D

The flux through OQABD is
, 1

—1
tan 0

/
tan(180— 6)— =>y=

2

So, Area= —
2 tan©

(. 0=t

The flux through OQABD is

2
¢—[212— ! jB
2 tan ot

Then the magnitude of emf generated in loop
is

B @ ~ Bol’sec’ ot
5 2tan’ ot

/= € _i_l Blo
R A 2Asinot

Which are the required expressions.

Consider a strip of length / and width dr at a
distance r from the surface of infinite long current
carrying wire. The magnetic field at strip due to
current carrying wire is

I
Field B(r) = %

Where, B(r) is perpendicular to the paper.
So, total flux through the strip is

K drpl .
S-S

The induced emf induced can be obtained by
differentiating eq. (i) and then applying Ohm’s
law

& o db

= = : :I
LR (. )

| o

We have, induced current

1dy 1d uoll x

R dt "Rt Xo

= Bl In| — {dl}
2nR - x, ) Ldt

nol A x dI
I = __ln i S—_—=
R X, { m A (glven)}

The emf induced can be obtained by
differentiating the expression of magnetic flux
then
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Applying Ohm’s law, I is instantaneous current

- E ldq)
R R dt
dQ
I(t)= m
dQ _14d¢
then © TRt
dQ=~-do
or Q= R

Integrating the variable separable form of
differential equation for finding the charge Q
that passed in time t, we get

Lo o

Q
Jo i@ =%

1
Qlt)-Q(ty = [o(t)-0(t:)]
X" veries from x to (x +L,) so total flux in strip.

Bol(®) L1]
2nR

( Q) =
o)=L, “OIL”dX I(t,)

(L2 +x)

X

ot = “° LI(t,)In

The magnitude of charge,
Q 1 Ly {L +x}
——In
IO Q= R 2n X

Bl L gy Mk Ioln[—LerXj
"~ R2n X 2nR X

This is the total charge or required expression.
As the magnetic field is reduce to zero in time
At. So, the magnetic flux linked with the ring
also reduces from maximum tozero. That induces
an emf in conducting ring by the change of
magnetic flux. The induces emf causes the electric
field E generation across the ring.

The induced emfin metallic ring =
dedricfiddE x (2rb) (1)
Applying Faraday’s law of EMI, so

The induced emf = rate of change of magnetic
flux =rate of change of magnetic field x area

2
Bra

- ... (i)

From Egs. (i) and (ii), we have

Bra®
At

27bE = emf=

So, the charged ring experienced an electric force
=QE

This electric force try to rotate the coil, then the
torque is

Torque =b x Force

(- bisthe perpendicular distance)

Bna
- QL bAt}

T Q— Ba’
orque on ring = AL

If AL is the change in angular momentum

2

Ba
AL=T X At = x At
orque Q AL

QBa’
2

= AL =

As, initial angular momentum of ring is zero.
So,
Torque x At=Change in angular momentum

Final angular momentum
g QB
2
_ QBa’
2mb’

This is the required expression of angular speed.
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From free body diagram the component of
magnetic field (B) perpendicular the plan (PQ)
= BcosO

Now, the conductor moves with speed v
perpendicular to Bcos® component of magnetic
field.

So, dy= B-dA
do=(BcosB) (d x v x dt)

(@ = vBdcos 6)
dt

This causes motional emf across two ends of
rod, which is given by = v(Bcos6)d

(42
Tt

So that it makes flow of induced current

v(Bcos0)d
R

where, R is the resistance of rod. Now, current
carrying rod experience force F = iBd,
(horizontally in backward direction). So, the
component of magnetic force parallel to incline
plane along upward direction

=FcosO = iBdcosb
( v(Bcos0) dj
R

Bdcos6

m

Also, the component of weight (mg) parallel to
incline plane along downward direction
=mgsino. ,

From Newton’s second law of motion

2

de = mgsin6-F
2
md—X = mgsinG—VBC—osedx(Bd)cosG
dt?
232
d_‘tf = gsin 60— R (cos0)’ v
dv B’d’
—+ R (cosB)’ v =gsin 0

dt

Which is the linear differential equation.

After solving the equation we have,

2342

gsinf +Aexp(—B d
mR

V: —————————————
B?d*cos’ 0
mR

(cos’ O)t) )

Where, A is a constant to be determine by initial
conditions,

at, t=0, v=0

mgR sin0 A

Wehave 0= ey
A mgR sin6
= ~ B’d’cos’ 0

By putting the value of A in equation (i) ,

Then the required expression of velocity as a
function of time is

mgR sin 0 ( ( B’d*, , j]
= S0 —exp| ———(cos® 0)t
VT B2 cos? 0 *P mR

Let us consider a new constant (o) is

(ss)
“\B’d’cos’0

So, v=agsin 0 (1 —e V%)

Consider the given figure in which the
conductor of length d moves with speed v,
perpendicular to magnetic field B as shown in
figure. This produces motional emf across two
ends of rod, which is (¢ =vBd). Since, switch S
is closed at time t = 0. capacitor is charged by
this potential difference. Let Q(t) is charge on
the capacitor and current flows from A to B.

So, the net induced current when the capacitor
oppose the charge flow is

I=L-1,
1 C
7@_& ( Ii:B_Vd,IC:&)
R RC R RC
So, we get
Q ,dQ _vBd

RC dt R
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Then the solution of linear differential equation

18
%)
R
1

RC

+Ae V/RC

Q=vBdC + AeVR¢
Initially, attime t=0,Q =0,s0 A=—-vBdC
By putting the value of A in differential
equation(i),

Q=vVBdC [l -e 'R
Differentiating both side w.r.t. (t), we get

dQ _ vBdCe ¥
dt RC

vBd o VRC
R

1=

Which is the required expression of current.

Consider the conductor (AB) of length d moves
with speed v. perpendicular to magnetic field B
as shown in figure. So, angle between B and v
is 90° this produces motional emf across two
ends of rod, which is = vBd, when switch S is
closed at time t=0 current start growing inductor
by the potential difference due to motional emf.

From Kirchhoff’s law, we get

dl
-L—+vVBd =
dt IR

o, LY4IR —yBd
dt
That is the linear differential equation

vBd

S [= — +Ae ™
0, R
(Att=01=0),
Bd
0="p *A (oe=D)
vBd
So, A= ———

10.

_ VB )
R

I

That is the required expression of current.

According to the question, the magnetic flux
across the metallic ring of mass ‘m’ and radius
‘I’ falling under gravity in a region having a
magnetic field whose z-component of magnetic
fieldis B,=B (1 +Az)is

¢=B,A

¢=B,(nP)

o= By(1+rz)(nl?) e (1)
By applying Faraday’s law of EMI, we get

d
induced emfis e = d_(f = (rate of change of flux)
And the angle between B and A is 0°
d >
SO, e= a [BO (l+kz)(nl ):|

[. Fromeq. (i) §=[B, (1+ 22)](n?)
ByOhm’s law,

dz
IR= (B,nP). {0 + XE}

dz
So, B,(n*)r— =R
% o dt

Byrearranging the terms

Energy lost/second = I’R
_ (ni*0) B.v’
R
The energy must come from rate of change in
PE, so

pE= mg = m
= mg—_-=mgv

As the kinetic energy is constant for v = constant
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2 L)
S B (Ttl kBO) \

o, mgv = R

R

o, V= Lz
(n/*1B,)

11.

That is the required expression of velocity.

According to the question, when verying
current is passed through solenoid the verying
magnetic field can induce the current in another
smaller coil.

So, magnetic field due to a solenoid S, is
B=p,n/

Magnetic flux in smaller coil
¢=NBA

where, A= nib?

By applying Faraday’s law of EMI, the induced
emf in coil due to solenoids verying magnetic
field.

_—d¢ b
e= (- $=NBA)
_ (nBa) . B=p Ni
So, e= m (- B=p Ni)

dl d
— —Nmb’p,n— =—Nnnp,b> —(mt> +C)
em T T dt(

= —uNnnb*2mt

Thus, current varies as a function of (mt?+ C).

So, net emf produced in N turns of smaller coil

e =—p,Nnnb’ 2mt
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7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

EXERCISES

A 100 Q resistor is connected to a 220 V, 50 Hz ac supply.

(a) What is the rms value of current in the circuit?

(b) What is the net power consumed over a full cycle?

(a) The peak voltage of an ac supply is 300 V. What is the rms voltage?

(b) The rms value of current in an ac circuit is 10 A. What is the
peak current?

A 44 mH inductor is connected to 220 V, 50 Hz ac supply. Determine

the rms value of the current in the circuit.

A 60 pF capacitor is connected to a 110 V, 60 Hz ac supply. Determine

the rms value of the current in the circuit.

In Exercises 7.3 and 7.4, what is the net power absorbed by each

circuit over a complete cycle. Explain your answer.

Obtain the resonant frequency o, of a series LCR circuit with

L=2.0H, C= 32 pyF and R = 10 Q. What is the Q-value of this circuit?

A charged 30 pF capacitor is connected to a 27 mH inductor. What is

the angular frequency of free oscillations of the circuit?

Suppose the initial charge on the capacitor in Exercise 7.7 is 6 mC.

What is the total energy stored in the circuit initially? What is the

total energy at later time?

A series LCR circuit with R=20 Q, L= 1.5 Hand C = 35 pF is connected

to a variable-frequency 200 V ac supply. When the frequency of the

supply equals the natural frequency of the circuit, what is the average

power transferred to the circuit in one complete cycle?

A radio can tune over the frequency range of a portion of MW

broadcast band: (800 kHz to 1200 kHz). If its LC circuit has an effective

inductance of 200 pH, what must be the range of its variable

capacitor?

[Hint: For tuning, the natural frequency i.e., the frequency of free

oscillations of the LC circuit should be equal to the frequency of the

radiowave.]

Figure 7.21 shows a series LCR circuit connected to a variable

frequency 230 V source. L= 5.0 H, C = 80pF, R =40 Q.

R

21118
L

FIGURE 7.21

(a) Determine the source frequency which drives the circuit in
resonance.

(b) Obtain the impedance of the circuit and the amplitude of current
at the resonating frequency.

(c) Determine the rms potential drops across the three elements of
the circuit. Show that the potential drop across the LC
combination is zero at the resonating frequency.
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ADDITIONAL EXERCISES

An LC circuit contains a 20 mH inductor and a 50 uF capacitor with
an initial charge of 10 mC. The resistance of the circuit is negligible.
Let the instant the circuit is closed be t = 0.

(a) What is the total energy stored initially? Is it conserved during
LC oscillations?

(b) What is the natural frequency of the circuit?

(c) At what time is the energy stored

(i) completely electrical (i.e., stored in the capacitor)? (ii) completely

magnetic (i.e., stored in the inductor)?

At what times is the total energy shared equally between the

inductor and the capacitor?

(e) If a resistor is inserted in the circuit, how much energy is
eventually dissipated as heat?

(d

A coil of inductance 0.50 H and resistance 100 Q is connected to a
240V, 50 Hz ac supply.
(a) What is the maximum current in the coil?

(b) What is the time lag between the voltage maximum and the
current maximum?

Obtain the answers (a) to (b) in Exercise 7.13 if the circuit is
connected to a high frequency supply (240 V, 10 kHz). Hence, explain
the statement that at very high frequency, an inductor in a circuit
nearly amounts to an open circuit. How does an inductor behave in
a dc circuit after the steady state?

A 100 pF capacitor in series with a 40 Q resistance is connected to a
110 V, 60 Hz supply.

(a) What is the maximum current in the circuit?
(b) What is the time lag between the current maximum and the
voltage maximum?

Obtain the answers to (a) and (b) in Exercise 7.15 if the circuit is

connected to a 110 V, 12 kHz supply? Hence, explain the statement

that a capacitor is a conductor at very high frequencies. Compare this

behaviour with that of a capacitor in a dc circuit after the steady state.

Keeping the source frequency equal to the resonating frequency of

the series LCR circuit, if the three elements, L, C and R are arranged

in parallel, show that the total current in the parallel LCR circuit is

minimum at this frequency. Obtain the current rms value in each

branch of the circuit for the elements and source specified in

Exercise 7.11 for this frequency.

A circuit containing a 80 mH inductor and a 60 uF capacitor in series

is connected to a 230 V, 50 Hz supply. The resistance of the circuit is

negligible.

(a) Obtain the current amplitude and rms values.

(b) Obtain the rms values 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 ‘averaged over one cycle’.]

Suppose the circuit in Exercise 7.18 has a resistance of 15 Q. Obtain

the average power transferred to each element of the circuit, and

the total power absorbed.

267
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7.20

7.21

7.22

7.23

7.24

7.25

7.26

A series LCR circuit with L=0.12 H, C =480 nF, R =23 Q is connected

to a 230 V variable frequency supply.

(a) What is the source frequency for which current amplitude is
maximum. Obtain this maximum value.

(b) What is the source frequency for which average power absorbed
by the circuit is maximum. Obtain the value of this maximum
power.

(c) For which frequencies of the source is the power transferred to
the circuit half the power at resonant frequency? What is the
current amplitude at these frequencies?

(d) What is the Q-factor of the given circuit?

Obtain the resonant frequency and Q-factor of a series LCR circuit
with L= 3.0 H, C =27 pF, and R= 7.4 Q. It is desired to improve the
sharpness of the resonance of the circuit by reducing its ‘full width
at half maximum’ by a factor of 2. Suggest a suitable way.

Answer the following questions:

(a) In any ac circuit, is the applied instantaneous voltage equal to
the algebraic sum of the instantaneous voltages across the series
elements of the circuit? Is the same true for rms voltage?

(b) A capacitor is used in the primary circuit of an induction coil.

(c) An applied voltage signal consists of a superposition of a dc voltage
and an ac voltage of high frequency. The circuit consists of an
inductor and a capacitor in series. Show that the dc signal will
appear across C and the ac signal across L.

(d) A choke coil in series with a lamp is connected to a dc line. The

lamp is seen to shine brightly. Insertion of an iron core in the

choke causes no change in the lamp’s brightness. Predict the
corresponding observations if the connection is to an ac line.

Why is choke coil needed in the use of fluorescent tubes with ac

mains? Why ca we not use an ordinary resistor instead of the

choke coil?

A power transmission line feeds input power at 2300V to a step-

down transformer with its primary windings having 4000 turns. What

should be the number of turns in the secondary in order to get output

power at 230 V?

At a hydroelectric power plant, the water pressure head is at a height

of 300 m and the water flow available is 100 m®s™. If the turbine

generator efficiency is 60%, estimate the electric power available

from the plant (g = 9.8 ms2).

A small town with a demand of 800 kW of electric power at 220 V is

situated 15 km away from an electric plant generating power at 440 V.

The resistance of the two wire line carrying power is 0.5 Q per km.

The town gets power from the line 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 the plant supply, assuming there is
negligible power loss due to leakage?

(c) Characterise the step up transformer at the plant.

Do the same exercise as above with the replacement of the earlier

transformer by a 40,000-220 V step-down transformer (Neglect, as

before, leakage losses though this may not be a good assumption

any longer because of the very high voltage transmission involved).

Hence, explain why high voltage transmission is preferred?

(e

N
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Chapter 7:- Alternating Currents

Multiple Choice Questions (MCQs)

Ifthe rms current ina 50 Hz AC circuitis 5 A, the
value of the current 1/300 s after its value

becomes zero is
(@) 5\2A (b) 5V32A
(c) S/6A (d) 5A\2A

An alternating current generator has an internal
reactance R and an internal reactance X . It is
used to supply power to a passive load
consisting of a resistance R and a reactance
X, . For maximum power to be delivered from the
generator to the load, the value of X; is equal to

(a) zero (b) Xg
(©) X, (d) R,

When a voltage measuring device is connected
to AC mains, the meter shows the steady input

voltage of 220 V. This means

(a) input voltage cannot be AC voltage, but a

DC voltage
(b) maximum input voltage is 220 V

(c) the meter reads not v but < v2> and is

calibrated toread J<v? >

(d) The pointer of the meter is stuck by some
mechanical defect

To reduce the resonant frequency in an L-C-R

series circuit with a generator

(a) the generator frequency should be reduced

(b) another capacitor should be added in parallel
to the first

(c) the iron core of the inductor should be
removed

(d) dielectric in the capacitor should be removed

Which of the following combinations should be

selected for better tuning ofan L-C-R circuit used

for communication?

(@) R=20Q,L=1.5H,C=35uF

(b) R=25Q,L=2.5H,C=45pF

(¢) R=15Q,L=3.5H,C=30uF

(d) R=25Q,L=1.5H,C=45yF

An inductor of reactance 1C2 and a resistor of

2Q) are connected in series to the terminals of a

6V (rms) AC source. The power dissipated in

the circuit is

(a 8W (b) 12 W

(c) 144W (d)18W
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The output of a step-down transformer is
measured to be 24 V when connected toa 12 W
light bulb. The value of the peak current is

@1/42A (b) V2 A
©)2A d 2V2A

Multiple Choice Questions (MCQs)
(More than one option correct)

As the frequency of an AC circuit increases, the

current first increases and then decreases. What

combination of circuit elements is most likely to

comprise the circuit?

(a) Inductor and capacitor

(b) Resistor and inductor

(c) Resistor and capacitor

(d) Resistor, inductor and capacitor

In an alternating current circuit consisting of

elements in series, the current increases on

increasing the frequency of supply. Which of

the following elements are likely to constitute

the circuit?

(a) Only resistor

(b) Resistor and an inductor

(c) Resistor and a capacitor

(d) Onlya capacitor

Electrical energy is transmitted over large

distances at high alternating voltages. Which

of the following statements is (are) correct?

(a) For a given power level, there is a lower
current

(b) Lower current implies less power loss

(c) Transmission lines can be made thinner

(d) It is easy to reduce the voltage at the
receiving end using step-down transformers

For a L-C-R circuit, the power transferred from

the driving source to the driven oscillator is

P=12Z cos ¢

(a) Here, the power factor cos ¢>0, P>0

(b) The driving force can give no energy to the
oscillator (P =0) in some cases

(c) The driving force cannot syphon out
(P <0) the energy out of oscillator

(d) Thedriving force can take away energy out
of the oscillator

5.

When an AC voltage of 220 V is applied to the

capacitor C

(a) themaximum voltage between plates is 220 V

(b) the current is in phase with the applied
voltage

(c) the charge on the plates is in phase with the
applied voltage

(d) power delivered to the capacitor is zero

The line that draws power supply to your house
from street has

(a) zeroaverage current

(b) 220V average voltage

(c) voltage and current out of phase by 90°
(d) voltage and current possibly differing in

phase ¢ such that | ¢ | < g

Very Short Answer Questions

1.

If a L-C circuit is considered analogous to a
harmonically oscillating springblock system,
which energy of the L-C circuit would be
analogous to potential energy and which one
analogous to kinetic energy?

Draw the effective equivalent circuit of the circuit
shown in figure, at very high frequencies and
find the effective impedance.

R, CI1 L,
—WwW— | SO00
—_—C,
L, R, R,
— 5000 W\ WWWA
Q)
O

Study the circuits (a) and (b) shown in figure
and answer the following questions.

R R C L
VWWWH

~ )

(Y Ny

(a) (a)
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(a) Under which conditions would the rms
currents in the two circuits be the same?

(b) Can the rms current in circuit (b) be larger
than that in (a)?

Can the instantaneous power output of an AC
source ever be negative? Can the average power
output be negative?

In series LCR circuit, the plot of [ versus wis
shown in figure. Find the bandwidth and mark

in the figure.

I,(A)—>

05 1.0 15 20
o(rad/ls) —>

The alternating current in a circuit is described
by the graph shown in figure. Show rms current
in this graph.

T 8T
~ 27T
<
= 1
T ]
ol T 2T
I t—>
2T
3T

How does the sign of the phase angle ¢, by which
the supply voltage leads the current in an L-C-R
series circuit, change as the supply frequency
is gradually increased from very low to very high
values.

Short Answer Questions

A device ‘X’ is connected to an AC source. The
variation of voltage, current and power in one
complete cycle is shown in figure.

(a) Which curve shows power consumption
over a full cycle?

(b) What is the average power consumption
over a cycle?

(c) Identify the device X.

n

LP—>

V,

A
v
B
, % N
‘ t—>
Both alternating current and direct current are
measured in amperes. But how is the ampere
defined for an alternating current?
A coil of 0.01H inductance and 1) resistance is
connected to 200 V, 50Hz AC supply. Find the
impedance of the circuit and time lag between
maximum alternating voltage and current.
A 60 W load is connected to the secondary of a
transformer whose primary draws line voltage.
If a current of 0.54 A flows in the load, what is
the current in the primary coil? Comment on the
type of tansformer being used.
Explain why the reactance provided by a
capacitor to an alternating current decreases
with increasing frequency.
Explain why the reactance offered by an inductor
increases with increasing frequency of an
alternating voltage.

Long Answer Questions

An electrical device draws 2 kW power from AC
mains (voltage 223 V (rms)= /50000 V). The

. . -3
current differs (lags) in phase by (I)(tan o= T)

as compared to voltage. Find (a) R, (b) X — X
and (c) I,. Another device has twice the values
for R, X~ and X; . How are the answers affected?
1 MW power is to be delivered from a power
station to a town 10 km away. One uses a pair of
Cu wires of radius 0.5 cm for this purpose.
Calculate the fraction of ohmic losses to power
transmitted if
(i) power is transmitted at 220V. Comment on
the feasibility of doing this.
(ii) a step-up transformer is used to boost the
voltage to 11000V, power transmitted, then
a step-down transformer is used to bring
voltage to 220 V.(p,,= 1.7 x 108 ST unit)
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Consider the L-C-R circuit shown in figure. Find
the net current i and the phase ofi. Show that 1=

v . Find the impedance Z for this circuit.
z

R
——— WWW———

V, sin ot
For a L-C-R circuit driven at frequency o, the
equation reads

LY R+ -V =V sinot
dt C

(a) Multiplythe equation byiand simplify where
possible.
(b) Interpret each term physically.

Multiple Choice Questions (MCQs)
(b) As given that,v=50Hz, [ =5A

1

t=—s
300

1
Asweknow that I = —%=

NG
I =Peak value = \/E.IrmS = \/5 x5
I)= 5v2A

1
=——-35€C = 1 = 1
at, t 300 ¢ I=1,sinwt 52 sin 27vt

= 5\/§Sin2n><50><L
300
I= Sﬁsing = 5\/§x§=5,/3/2 Amp

( singz ﬁj

2

(c) Cast the equation in the form of a
conservation of energy statement.

(d) Intergrate the equation over one cycle to
find that the phase difference between V and
i must be acute.

In the L-C-R circuit, shown in figure the AC

drivingvoltageisV =V _sin ot.

(a) Write down the equation of motion for q(t).

(b) Att=t,, the voltage source stops and R is
short circuited. Now write down how much
energy is stored in each of L and C.

(c) Describe subsequent motion of charges.

NCERT EXEMPLAR SOLUTIONS

2.

(¢) To deliver maximum power from the
generator to the load, total internal reactance
must be equal to conjugate of total external
reactance.

SO’ Xint = Xext
Xg =X =X,
Hence, X = —Xg

(Reactance in external circuit)
(¢) As we know that,

The voltmeter in AC reads rms values of voltage

Irms = \/510 and Vrms = \/EVO

The voltmeter in AC circuit connected to AC
mains reads mean value (<v>>) and is calibrated
in such a way that it gives rms value of <v>>,
which is multiplied by form factor V2 to give rms
value V.

(b) As we know that,
The resonant frequency in an L-C-R series circuit
is

1

Y0~ HndIC
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So, toreduce v, either increase L or increase C.
To increase capacitance, another capacitor must
be connect in parallel with the first capacitor.

(¢) As we know that, Quality factor (Q) of an
L-C-R circuit must be higher so Q is

_i\ﬁ
Q_RC

where R is resistance, L is inductance and C is
capacitance of the circuit.
So, for higher Q, L must be large, and C and R
should be low.
Hence, option (c) is verify.
(c) As given that,

X =1QR=2QE _ =6V,P =?
The average power dissipated in the L, R, series
circuit with AC source
Then P, =E L. coso . (1)

By putting the value of |
equation (i), then,

rms Emg €08 ¢ in

6 2 72

NN

Pav=6><

:¥ =14.4 watt

(@) As given that,
Secondary voltage (V) is :
V=24 Volt
Power associated with secondary is :
Py= 12 Watt
Aswe know that Pg=VIg
P 12 1

[(=—=—=-A=05Am
STV, 24 2 P

Peak value of the current in the secondary

Iy=1v2 =0.5v2

5 1
-2 \2|I,=—=Am
5 V2 { =5 p}
Multiple Choice Questions
(More Than One Options)
(a,d)

In a circuit, current will be maximum when
reactance is minimum.

Reactance of an inductor of inductance L is,
X, =2mL
where v is frequency of the AC circuit.

!

| o

Z=Z z

min

X, = Reactance of the capacitive circuit

1
- 2nfC

On increasing frequency v, clearly X; increases
and X decreases

For a L-C-R circuit,

Z= Impedance of the circuit

=R’ +(XL _XC)2

2
z\/R2+(27IVL— ! j
2nvC

As frequency (v) increases, Z decreases and at
certain value of frequency know as resonant
frequency (v,)), impedance Z is minimum that is
Z = R current varies inversely with impedance
andatZ_. currentis maximum.
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(c,d
As per question on increasing frequency, the
current increases.
So, the reactance of the circuit must be decreases
as increasing frequency.
For a capacitive circuit, when f'is frequency of
the AC circuits.

1
oC  2rfC

Xo=

Clearly when frequency increases, X - decreases,
to increase current capacitors

1 2
For R-Ccircuit, X= 4R’ + (—J
oC

So, option (¢) and (d) are verify.
(a,b,d)

Power loss due to transmission lines having
resistance (R) and rms current [ is

Power loss = I R

So to decrease power loss I and R must be
lowers for a constant power supply and energy
transmit over large distances at high alternating
voltages, so current flowing through the wires
will be low because for a given power (P).

So, P=E_ I oI islowwhenE_ ishigh.
Power loss=12,__ R=low (- 1_ islow)
Now, at the receiving end high voltage is reduced
by using step-down transformers.
For step-up transformer,
Output power =Input power
Vilg=V,l, (- Vg>Upsol, 21g)
So, loss of power during transmission become
lower.

(ab,¢)
As given that :

P=12Z cos .. (Q)
where 1 is the current, Z = Impedance, cos ¢
power factor

As we know that,
P=I’R .. (i)
Compare (i) & (ii) equation,

So, (power factor)

(cosh= )
cos Z
where R>0andZ>0
R
So, cos = — is+ve,
Z
cos$p>0
P>0

(c,d)
When the AC voltage (220 V) is applied to the
capacitor.

The plate connected to positive terminal with
positive charge will be at higher potential and
the plate connected to negative terminal with
negative charge will be at lower potential. So,
that the charge is in phase with the applied

voltage.
Power applied lo a circuit is

Pav = Vrms Irms Ccos ¢
For pure capacitive circuit

If o =90°
then, cosp=0

So, Power delivered P, =0
(a,d)

In house, we are using AC supply, so AC
currents are used which are having zero average
value over a cycle. In houshald circuit L and C
are connected, so R, Z cannot be equal.

So, the line is having some resistance so power

R
factor cosd = - #0

T T
So, £— = 0< —
N

Hence, phase angle of voltage & current lies

between 0 and g .
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Very Short Answer Questions

An L-C circuit analogous to a harmonically
oscillating spring block system.

1
The electrostatic energy 5 CV2is analogous to

potential energy due to charging of capacitor
and energy associated with moving charges

. . 1o
(current) that is magnetic energy ELI is

analogous to kinetic energy, due to the motion

of charge partical.
As we know that, the inductive reactance
X, = 2nfL

As the reactance is high when the frequency (f)
and inductance L are high then the circuit is
open.

And the capacitive reactance X = at

2nfL
high frequency X, will be low circuit is short or
closed.

So, for very high frequencies (f — o0, X| — 0
and X — 0)

When reactance of a circuit is infinite it will be
considered as open circuit. When reactance of
a circuit is zero it will be considered as short
circuited.

Thus, C, C, — shorted and L, L, — opened.

Q)
o
R, R,
— MW MW
Q)
&

Hence, effective impedance = R 0 R, +R,

As we know that, the relation between V_ and

L8
I — Vrms
ms R
Consider,  (I,), = rms current in circuit (a)

(I, = rms current in circuit (b)
So, rms current in circuit (a) is

VsV

(™ 2 "R

And rms current in circuit (b) is
S Vrms

(Irms)b 7

JRY (X, - X, )
(a) When (Tpe)a = (Irms)b

R=R*+(X, -X.)’

Squaring both side
R2=R2+ (X — X)?
or, (X, -X)?=0

So, X; = X, resonance condition
(b) AsZ>R,
(L), YR*+(X, -X.)’

JRZ+(X, -X.) <R

Squaring both side
R2+ (X, - X)) <R?
(X, -X)?<0

So, squaring of any value can not be negative.
So, (A0 = S %

Hence, the rms current in circuit (b), cannot be
larger than that in circuit (a).
Consider the applied emf
E=E, sin(wt)
current developed is
[=1,sin (ot = ¢)
Instantaneous power output of the AC source
P=EI=(E;sinot) [,sin(ot+y)]
=E, sin wt.sin (ot +¢)
On solving,

EO

So, P= 210 [ cos ¢—cos (20t +¢) ] (D)
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Average power P, =

VOIO
= ——CO0S
5 cos¢

or, =V, 6 s €08 0 .. (i)
where ¢ is the phase difference.

FromEq. (i)

when cosd <cos 2ot + ) (.. P,<0)
So, the instantaneous power output of an AC
source can be negative

From Egq. (i), P,,>0

R .
cos = = >0 (Always positive)

So, R, Z the reactance are always positive.
Thus, the average power output of an AC source
cannot be negative.

Hence, P, never be negative.

Let o, and o, are two frequencies at which

. N .
magnitude of current is Wi times of maximum
2

value for LCR circuit.

I 1
=== ~ 0.7 Amp

i‘e'a Imls - I~
NG

The value of current is maximum at resonant
frequency.

(A)
)
S
3
HpH]

0 0.81.01.2
o(rad/s) —>

From the above diagram o, and o, at 0.7 amp
the corresponding frequencies are 0.8 rad/s and
1.2 rad/s. So,
For the given diagram,
Bandwidth (Aw) =0, -0, =1.2-0.8
=0.4 rad/sec
Consider the given graph,
As we know that,

The rms current is {Im _ Lo

%]

From the graph : ], = ,1112 + I% =12 +2?

2 2
22> [5
S0, I = +2 - /E:I.SSA

Hence, the rmsvalue of the current (I, )

=1.6 Amp.
When the voltage leads the current in L-C-R
series circuit so that the phase angle (¢) is :
where (X; > X)

X, -X
So, tand= LR €= R

1
If v is small so, l:2TCVL - } is negative.
2nvC

So, tan ¢< 0 (for v <v,)
And, tan ¢> 0 (for v>v,)
Short Answer Questions
(@) As we know that,
Power=P=VI

The curve of power will be having maximum
amplitude, equals to multiplication of
amplitudes of voltage (V) and current (I)
curve. So, the curve will be represented by
A. Tt shows the power consumption over a
cycle, the power of a circuit will become zero,
when V =0 or I = 0 or both become zero,
which is clear from graph ‘A’ is zero at this
position.

(b) Inthe shown by shaded area in the diagram,
the full cycle of the graph consists of one
positive and one negative symmetrical area
are equal. So net area of power graph is zero.
So, power consumption in circuit is zero.

So, that average power of AC circuit over a
cycle is zero.
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(c) As the average power is zero, hence the
device may be inductor (L) or capacitor (C)
or the series combination of L and C. So
power factor cosd =0, (¢=90°)

For a Direct Current (DC), one ampere' is equal

to one coulomb charge flowing per sec.

lampere =1 coulomb/sec

So, an AC current changes direction with the

source frequency and the attractive force would

average to zero. So that the AC ampere must be
defined in terms of some property that is
independent of the direction of current.

Joule’s heating effect is such property and hence
it is used to define rms value of AC. According
to joule's heating effect, one ampere current in
AC is the current which can produce same
quantity of heat per second as the direct current

can produce in one ohm resistance.
L

As given that, R
inductance L=0.01H
resistance R = 10, S
voltage (V) =200V 200v

and frequency (f)=50Hz
Impedance of the circuit

Z= JR*+X?
=JR?+(2nfL)’
= 12 +(2x3.14x50x0.01)°

or Z= 1086 =3.3Q

For phase angle (¢)

empel- XL _ oL 2l
MO=pP=R "R R

2x3.14x50x0.01

3.14
1
o= tan”!(3.14)~72°
72 .
Phase difference ¢= T radian
=1.20 radian.

Time lag between alternating voltage and
current, ¢ = ot
72n

o |
So, At=— =——— = ——se€C
© ® 180x27x50 250

As given that,
Py=60W
I;=0.54A
Primary current I =?
Taking line voltage as 220 V (V, = 220 V)
Py= VI
Py =60W, [(=0.54A

\A =110 Volt.

" 0.54
Voltage in the secondary (V) is less than voltage
in the primary (Vp).

So, the transformer is step down transformer.

Since, the transformation ratio factor is

Secondary voltage
r =
Primary voltage

VS IP
.. For transformer — = —
VP IS

Substituting the values,

1ov. I,
220V 0.54A

= I, = 0.27 Ampere

A capacitor does not allow a direct current
through it as the resistance across the gap is
infinite. When an alternating voltage is applied
across the capacitor plates, the plates are
alternately charged and discharged. The current
through the capacitor is a result of this charging
and discharging by AC voltage or current.

So, a capacitor will pass more current through it
if the voltage is changing at a faster rate, i.e. if
the frequency of supply is higher. It implies that
the reactance offered by a capacitor is less with
increasing frequency.

1

So, the reactance of capacitor is X = oC
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‘When current in an inductor change the direction
of induced emf. The inductor opposes flow of
current through it by developing a back emf
according to Lenz’s law. The induced voltage
has a polarity so as to maintain the current at its
present value. If the current is decreasing, the
polarity of the induced emf will be so as to
increase the current and vice-versa.

Thus, the induced emf'is proportional to the rate
of change of current. So inductor provide greater
reactance to the flow of current through it if the
rate of change is faster, i.e., if the frequency is
higher. So the reactance of an inductor, is directly
proportional to the frequency. Mathematically,
the reactance offered by the inductor is

X, = (2nv)L=0L

Long Answer Questions
As given that, the power is
P=2kW=2000W
The voltage when current lags to the voltage
V=223V,

t ¢7 _é
an 4
=9

Il
—

IM 0
Xe-X,
R

I
BN

As we know that,

\Y%
Power (P) = 2

VI 223x223
= =— =25
So, 4 P 2%10°
Impedance Z= 25Q
Impedance Z = \|R* +(X, ~X,)’
= 25=R* +(X, -X.)’
or 625=R*+(X, - X.) ()
X, -X. 3
And tan = ———=—
nd, an ¢ R 7
X _X.= 3R ..
or L=Xc= 7 .. (i1)

R
By putting the value of (X — X)) = 1n Eq. (1),
then,
2
625=R’ +(3R) R’ +9i
4 16
25R’
or 625= >
16
(@) Resistance R = 4/25x16 = /400
=200
3R 3
(b) XL_XC:T:ZXZ():lSQ
(c) Main current
v
L=\20 =2~
M \/ 7

223
=222 =
b 12.6A

X.-X,
So,R, X, X; areall doubled, tan¢ = R
does not change. Z will be doubled, then the

current (I = %) become halved. As I become

half (P = VI) power is also halved as voltage
remain same.
(i) According to the question, the town is 10
km away, length of pair of copper wires used,
L=20km =20000m

Resistance of Cu wires,
R-PL__P!

A q(r)

As given that, p., =1.7x10%r=05cm
17X10_8><20000

3.14(0.5x102)’
P=1MW =106 watt

=4Q

As given that,

So,1at220V,  P=VI=10°W,
6
= = 4
I 20 045x10%A
Power loss P=RP?
=4x(0.457x 108 W
=826x10"W
Power loss in heating
=82.6 MW

as82.6 MW > 10°W
So, this method cannot be used for transmission.
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(i) When power P = 10° W is transmitted at
11000'V.
VI=105W = 110001

1
Currentdrawn, I'= I 10°
Ry, =4Q
1
(P) Power loss =RIZ= Bk 4x10*

P=13.3x10* watt

3.3x10*
10°

So, Fraction of power loss = =0.033

Hence, (Power loss) =3.3%

According to the given L-C-R circuit the total
current i from the source. It is divided into two
parts i, through R and i, through series
combination of C and L.

So, i=i, +i,
From given figure,
V,,, sin ot=Ri,
.V, sinot .
L =—— (1
=t )

If q, is charge on the capacitor at any time t,
then for series combination of C and L.

Let I current move in first half of loop shown in
figure below :

R
WWWW
A c L
i
. 1 I
IN
)
N\
V,, sin ot
By applying KVL,
VetV =V, sin ot
q—2+%—Vm sinot =()
Cc dt
Ld
then, q—C2 + % =V, sin ot
. _dq y
[ 1, = d_tz} ... (11)
Consider, d, = q,, sin (ot + ¢) .. (1)

Differentiate both side w.r.t (t)

d
Then, i,= %= q,,wcos(ot+¢)
Again differenciate both side w.r.t. (t)
d2
Then, dgz = —q,o sin(ot+¢)

By putting these values in Eq. (ii), so we have

1 .
q,, |:E+ L(-’ )}sm((s)t +¢) = V,, sin ot
when ¢=0and (é—Lmzj >0,

1 .
Qi (E - L‘Dz) smot =V _ sin ot

v
then q,= 1—“’ - (1v)
C
d
FromEq. (i), i, %

i,= 0q, cos(at+¢) ..(V)
Now by putting q,, value from (iv) to equation

v,

oV, cos(ot+¢)
S T
——Lo
C
Taking = 0, i, =V"11LS(‘”O (Vi)
[oc12)
oC

From Egs. (i) and (v), we find that i, and i, are
T
out of phase by 5

V., sin ot . V_ cosmt

Now, i, +i,=
> 17h
R (1 . ij
oC

V,

Put = =A=Ccos ¢ ... (vii)
R

and Ve B=Csin¢ ... (viii)

(e

i, +1i,=Ccos ¢sin ot + C sin ¢ cos ot
i=Csin (ot + ¢)
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Squaring and adding (vii), (viii)
A?+B?= C?(cos’p+ sin’p)

then, C= VA’ +PB’
B
= tan'| —C
and [0} (A )

1/2

A A&

sin(ot+¢) ...(K)

As we know that,
\"

I=—

R
V.
i:Esm(mH(I)) ()

[ I=1 R=2z/sin(ot+¢)]

Comparing (ix) & (x)

i1 [ I
o —=— =gt |12

v, Z |R ( 1 )2
——Lo
oC
Hence, that is the required impedance Z of the
circuit.
Let us consider the L-C-R series circuit,
L c R

4 C
~
N\
V=V, sin ot
Applying KVL in the loop, then,
VL +V+Vp=V_ sin ot

di q . . .
So, L—+—=+iR =V_sin wt (1
dt C m ®

Multiplying both sides by i, in equation (i) then,

di oq. ., o 5
Lla+61+1 R =(V_i)sin ot )
di df1
Li—=— —Liz)
where dt dt(Z

It represent the rate of change of energy stored
in an inductor (L).
P = Ri? = represent the joule heating loss

gi_i(i)
C dt\2C

It represent the rate of change of energy stored
in the capacitor at dt time.

Virepresent rate at which driving force pours in
energy. It goes into (i) ohmic loss and (ii) increase
of stored energy.

Thus, Eq. (ii) is in the form of conservation of
energy statement. Integrating both sides of Eq.
(i1) with respect to time over one full cycle
(0> T)so,

T 2
ji(luz +q_j dt +jTRi2dt - leVi dt
, dt\2 2C 0 27

(" V=V, sinot)

1, ] 1t
{071 RT} = E'[O Vi dt

’ 2 ! 0
(',' aSl Rl 1S Ve)

T .
0+ (+ve)= [ Vidt
T
.[ Vidt > 0 is positive, which is possible if
0

phase difference between V and i is a constant
and the angle is acute.

(@) Consider the given figure of L-C-R circuit,
when tapping key K to short circuit R and let i
be the current in circuit.
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As given that, V=V_ sin ot
By applying KVL (when key K is often)

Vp+V +V =V, sin ot

iR+Ldi—(t)+%—Vmsinmt=0 )
(- i()=i=i_sin(wt+¢))
L dq(t)
T

Differentiate (i) w.r.t. (t),
di(t) _ d’q(t)

dt dt’
FromEq. (i)
dq(t 2q(t t
q( )R+Ld qg )+q( ) =V_sin ot
dt dt C m
2
Ld qgt)+qu(t)+q(t) =Vmsin ot
dt dt C

That is the required equation of variation
(motion) of charge with respect to time.

(b) Let time dependent charge in circuit is at
phase angle with voltage then,

q=q,, sin (ot + ¢) = —q,, o8 (ot+¢)

dq .
j=— =0q,_ sin{ot+
i & Ay ( ‘I’)
As we know that
A
W
Vm
1 =
" \/Rz +(Xe-X, )
at(t=t,),
i=1, sin(ot, +¢)
i
So, i =————
™ sin(wt,+ 0)
A\ .
()= m sin(ot, +¢)

2

\/R2 + (XC _XL)

X.-X
o= tan™' (—C Lj
R

The energy is stored in L and C, when R is short
circuited at t=t,.

1
U, = - Li’

1 2
and U= EX%
:%[qzm cos’ (ot, + ¢)J

L \A i
2C R +(X-X, )
1 (i Y
UC:_X(ﬁj cos’ (ot, +¢)

= WCOS2 ((,OtO +(I))

—

[ i =guoorq,=""]
1 { \'A }2 cos” (ot, +¢)

20 R (X -x,) 2

SoUc °

2

L] v cos’ (ot, +9)

m

U =
€2 e (x-x,)

(c¢) Thecircuit becomes an L-C oscillator when
Ris short circuited. The capacitor will go on
discharging and all energy will transfer to L
and back and forth. So, there is oscillation
ofenergy from electrostatic to magnetic and
vice-versa.
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SUMMARY

Maxwell found an inconsistency in the Ampere’s law and suggested the
existence of an additional current, called displacement current, to remove
this inconsistency. This displacement current is due to time-varying electric
field and is given by

iy =& ——
a =% g
and acts as a source of magnetic field in exactly the same way as conduction

current.

An accelerating charge produces electromagnetic waves. An electric charge
oscillating harmonically with frequency v, produces electromagnetic waves
of the same frequency v. An electric dipole is a basic source of
electromagnetic waves.

Electromagnetic waves with wavelength of the order of a few metres were
first produced and detected in the laboratory by Hertz in 1887. He thus
verified a basic prediction of Maxwell’'s equations.

Electric and magnetic fields oscillate sinusoidally in space and time in an
electromagnetic wave. The oscillating electric and magnetic fields, E and
B are perpendicular to each other, and to the direction of propagation of
the electromagnetic wave. For a wave of frequency v, wavelength A,
propagating along z-direction, we have

E=E () =E,sin (kz- ot)

R CN) )

B= By(t) =B, sin (kz- o)

= By Sin{%(%— vtﬂ - B, sin[2n(%—%ﬂ

They are related by E /B, = c.
The speed c of electromagnetic wave in vacuum is related to u, and ¢ (the
free space permeability and permittivity constants) as follows:

¢ =1/t & - The value of ¢ equals the speed of light obtained from

optical measurements.

Light is an electromagnetic wave; c is, therefore, also the speed of light.
Electromagnetic waves other than light also have the same velocity c in
free space.

The speed of light, or of electromagnetic waves in a material medium is
givenby v=1/ue

where p is the permeability of the medium and ¢ its permittivity.
Electromagnetic waves carry energy as they travel through space and this
energy is shared equally by the electric and magnetic fields.
Electromagnetic waves transport momentum as well. When these waves
strike a surface, a pressure is exerted on the surface. If total energy
transferred to a surface in time t is U, total momentum delivered to this
surface is p = U/c.

The spectrum of electromagnetic waves stretches, in principle, over an
infinite range of wavelengths. Different regions are known by different
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Waves

names; y-rays, X-rays, ultraviolet rays, visible rays, infrared rays,
microwaves and radio waves in order of increasing wavelength from 102A
or 10"%m to 10°m.

They interact with matter via their electric and magnetic fields which set
in oscillation charges present in all matter. The detailed interaction and
so the mechanism of absorption, scattering, etc., depend on the wavelength
of the electromagnetic wave, and the nature of the atoms and molecules
in the medium.

POINTS TO PONDER

1. The basic difference between various types of electromagnetic waves
lies in their wavelengths or frequencies since all of them travel through
vacuum with the same speed. Consequently, the waves differ
considerably in their mode of interaction with matter.

2. Accelerated charged particles radiate electromagnetic waves. The
wavelength of the electromagnetic wave is often correlated with the
characteristic size of the system that radiates. Thus, gamma radiation,
having wavelength of 10* m to 10'° m, typically originate from an
atomic nucleus. X-rays are emitted from heavy atoms. Radio waves
are produced by accelerating electrons in a circuit. A transmitting
antenna can most efficiently radiate waves having a wavelength of
about the same size as the antenna. Visible radiation emitted by atoms
is, however, much longer in wavelength than atomic size.

3. The oscillating fields of an electromagnetic wave can accelerate charges
and can produce oscillating currents. Therefore, an apparatus designed
to detect electromagnetic waves is based on this fact. Hertz original
‘receiver’ worked in exactly this way. The same basic principle is utilised
in practically all modern receiving devices. High frequency
electromagnetic waves are detected by other means based on the
physical effects they produce on interacting with matter.

4. Infrared waves, with frequencies lower than those of visible light,
vibrate not only the electrons, but entire atoms or molecules of a
substance. This vibration increases the internal energy and
consequently, the temperature of the substance. This is why infrared
waves are often called heat waves.

5. The centre of sensitivity of our eyes coincides with the centre of the
wavelength distribution of the sun. It is because humans have evolved
with visions most sensitive to the strongest wavelengths from
the sun.

EXERCISES

Figure 8.6 shows a capacitor made of two circular plates each of

radius 12 cm, and separated by 5.0 cm. The capacitor is being

charged by an external source (not shown in the figure). The

charging current is constant and equal to 0.15A.

(a) Calculate the capacitance and the rate of change of potential
difference between the plates.
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8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

(b) Obtain the displacement current across the plates.

(c) Is Kirchhoff's first rule (junction rule) valid at each plate of the
capacitor? Explain.

FIGURE 8.6

A parallel plate capacitor (Fig. 8.7) made of circular plates each of radius

R = 6.0 cm has a capacitance C = 100 pF. The capacitor is connected to

a 230 V ac supply with a (angular) frequency of 300 rad s™.

(a) What is the rms value of the conduction current?

(b) Is the conduction current equal to the displacement current?

(c) Determine the amplitude of B at a point 3.0 cm from the axis
between the plates.

W(%

FIGURE 8.7
What physical quantity is the same for X-rays of wavelength
107"%m, red light of wavelength 6800 A and radiowaves of wavelength
500m?
A plane electromagnetic wave travels in vacuum along z-direction.
What can you say about the directions of its electric and magnetic
field vectors? If the frequency of the wave is 30 MHz, what is its
wavelength?
A radio can tune in to any station in the 7.5 MHz to 12 MHz band.
What is the corresponding wavelength band?
A charged particle oscillates about its mean equilibrium position
with a frequency of 10° Hz. What is the frequency of the
electromagnetic waves produced by the oscillator?
The amplitude of the magnetic field part of a harmonic
electromagnetic wave in vacuum is B, = 510 nT. What is the
amplitude of the electric field part of the wave?
Suppose that the electric field amplitude of an electromagnetic wave
is E; = 120 N/C and that its frequency is v = 50.0 MHz. (a) Determine,
B,,0, k, and A. (b) Find expressions for E and B.
The terminology of different parts of the electromagnetic spectrum
is given in the text. Use the formula E = hv (for energy of a quantum
of radiation: photon) and obtain the photon energy in units of eV for
different parts of the electromagnetic spectrum. In what way are
the different scales of photon energies that you obtain related to the
sources of electromagnetic radiation?
In a plane electromagnetic wave, the electric field oscillates
sinusoidally at a frequency of 2.0 x 10'° Hz and amplitude 48 V m™.
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(a) What is the wavelength of the wave?

(b) What is the amplitude of the oscillating magnetic field?

(c) Show that the average energy density of the E field equals the
average energy density of the B field. [c = 3 x 10° m s7']

ADDITIONAL EXERCISES

Suppose that the electric field part of an electromagnetic wave in
vacuum is E = {(3.1 N/C) cos [(1.8 rad/m) y + (5.4 x 10° rad/s)t]}i .
(a) What is the direction of propagation?

(b) What is the wavelength 24 ?

(c) What is the frequency v ?

(d) What is the amplitude of the magnetic field part of the wave?
(e) Write an expression for the magnetic field part of the wave.

About 5% of the power of a 100 W light bulb is converted to visible
radiation. What is the average intensity of visible radiation

(a) at a distance of 1m from the bulb?

(b) at a distance of 10 m?

Assume that the radiation is emitted isotropically and neglect
reflection.

Use the formula 2, T = 0.29 cmK to obtain the characteristic
temperature ranges for different parts of the electromagnetic
spectrum. What do the numbers that you obtain tell you?

Given below are some famous numbers associated with

electromagnetic radiations in different contexts in physics. State

the part of the electromagnetic spectrum to which each belongs.

(a) 21 cm (wavelength emitted by atomic hydrogen in interstellar
space).

(b) 1057 MHz (frequency of radiation arising from two close energy
levels in hydrogen; known as Lamb shift).

(c) 2.7 K [temperature associated with the isotropic radiation filling
all space-thought to be a relic of the ‘big-bang’ origin of the
universe].

(d) 5890 A - 5896 A [double lines of sodium]

(e) 14.4 keV [energy of a particular transition in °’Fe nucleus
associated with a famous high resolution spectroscopic method
(Mossbauer spectroscopy)].

Answer the following questions:

(a) Long distance radio broadcasts use short-wave bands. Why?

(b) It is necessary to use satellites for long distance TV transmission.
Why?

(c) Optical and radiotelescopes are built on the ground but X-ray
astronomy is possible only from satellites orbiting the earth.
Why?

(d) The small ozone layer on top of the stratosphere is crucial for
human survival. Why?

(e) If the earth did not have an atmosphere, would its average
surface temperature be higher or lower than what it is now?

(f) Some scientists have predicted that a global nuclear war on the
earth would be followed by a severe ‘nuclear winter’ with a
devastating effect on life on earth. What might be the basis of
this prediction?
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Multiple Choice Questions (MCQs)

One requires 11 eV of energy to dissociate a
carbon monoxide molecule into carbon and
oxygen atoms. The minimum frequency of the
appropriate electromagnetic radiation to achieve
the dissociation lies in

(a) visibleregion

(b) infrared region

(c) ultraviolet region

(d) microwave region

A linearly polarised electromagnetic wave given

as E= Eoicos(kz —mt) isincident normally on

a perfectly reflecting infinite wall at z = a.
Assuming that the material of the wall is optically
inactive, the reflected wave will be given as

@ E, =E,i(kz—ot)
(b) Er:EOfcos(kz+oot)
(©) E, =-E,icos(kz+ot)

(d) E, =E,isin(kz-ot)

Light with an energy flux of 20 W/cm? falls on a
non-reflecting surface at normal incidence. Ifthe
surface has an area of 30 cm?, the total
momentum delivered (for complete absorption)
during 30 min is

5.

(@) 36x10°kg-m/s  (b) 36x10*kg-m/s
(c) 108x10%kgm/s  (d) 1.08x 107 kg-m/s
The electric field intensity produced by the
radiations coming from 100 W bulb at a 3 m
distance is E. The electric field intensity
produced by the radiations coming from 50 W
bulb at the same distance is

E
@ > ©) =

E
© 5 @ V2E
IfE and B represent electric and magnetic field
vectors of the electromagnetic wave, the
direction of propagation of electromagnetic
wave is along
@@ E (b) B
(c) BxE (d) ExB
The ratio of contributions made by the electric
field and magnetic field components to the
intensity of an EM wave is

(@ c:1 (b) c¢2:1
(¢ 1:1 d Je:1

An EM wave radiates outwards from a dipole
antenna, with E ) as the amplitude of its electric
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field vector. The electric field E, which transports
significant energy from the source falls off as

1 1
@ — ® =

—

_ | =

©

An electromagnetic wave travels in vacuum

(d) remains constant

along z-direction E = (Elf + Ezﬁ)cos (kz-ot).
Choose the correct options from the following
(a) The associated magnetic field is given as
B= l(E]; - Ezj)cos (kz - ot)
c
(b) The associated magnetic field is given as
B= l(Elf - Ezﬁ)cos (kz - ot)
c
(c) The given electromagnetic field is circularly
polarised

(d) The given electromagnetic wave is plane
polarised

Multiple Choice Questions (MCQs)

(More than one option correct)

An electromagnetic wave travelling along z-axis
is given as E = E,, cos(kz —wt). Choose the correct
options from the following
(a) The associated magnetic field is given as
B=lixE=1(kxE)
c 0}
(b) The electromagnetic field can be written in
terms of the associated magnetic field as
E=c (B X 12)
© k-E=0,k-B=0
(d) kxE=0,kxB=0
A plane electromagnetic wave propagating
along x-direcrion can have the following pairs
of E and B.
@ E.B, (b) E.B,
(© ByE (d) E, B,
A charged particle oscillates about its mean
equilibrium position with a frequency of
10° Hz. The electromagnetic waves produced
(a) will have frequency of 10° Hz
(b) will have frequency of 2 x 10? Hz
(c) will have wavelength of 0.3 m
(d) fallin the region of radiowaves

The source of electromagnetic waves can be a
charge.

(a) moving with a constant velocity

(b) moving in a circular orbit

(c) atrest

(d) fallingin an electric field

An EM wave of intensity I falls on a surface
kept in vacuum and exerts radiation pressure p
on it. Which of'the following are true?

(a) Radiation pressure is % ifthe wave is totally

absorbed

I
(b) Radiation pressureis — ifthe wave is totally
c
reflected
_ .20 .
(c) Radiation pressure is — if the wave is
c
totally reflected
. - I 21
(d) Radiation pressure is in the range —<p <—
c c

for real surfaces

Very Short Answer Questions

1.

Why is the orientation of the portable radio with
respect to broadcasting station important?
‘Why does microwave oven heats up a food item
containing water molecules most efficiently?
The charge on a parallel plate capacitor varies
aq=q, cos 2nvt. The plates are very large and
close together (area = A, separation = d).
Neglecting the edge effects, find the
displacement current through the capacitor.

A variable frequency AC source is connected to
a capacitor. How will the displacement current
change with decrease in frequency?

The magnetic field of a beam emerging from a
filter facing a floodlight is given by
B,=12x10"%sin(1.20x107z—3.60 x 10"3) T.
What is the average intensity of the beam?
Poynting vectors S is defined as a vector whose
magnitude is equal to the wave intensity and
whose direction is along the direction of wave
propogation. Mathematically, it is given by

S :LEXB . Show the nature of S versus t

Ho
graph.
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Professor CV Raman surprised his students by
suspending freely a tiny light ball in a transparent
vacuum chamber by shining a laser beam on it.
Which property of EM waves was he exhibiting?
Give one more example of this property.

Short Answer Questions

Show that the magnetic field B at a point in
between the plates of a parallel plate capacitor

g,r dE
Rt l (symbols having

during charging is

2 dt

usual meaning).

Electromagnetic waves with wavelength

(i) A, isused in satellite communication.

(i) A, is used to kill germs in water purifies.

(iii) A, is used to detect leakage of oil in
underground pipelines.

(iv) A, is used to improve visibility in runways
during fog and mist conditions.

(a) Identify and name the part of
electromagnetic spectrum to which these
radiations belong.

(b) Arrange these wavelengths in ascending
order of their magnitude.

(c) Write one application of each.

Show that average value of radiant flux density

S over a single period T is given by S = E;.
2ep,

You are given a 2uF parallel plate capacitor. How

would you establish an instantaneous

displacement current of 1 mA in the space

between its plates?

Show that the radiation pressure exerted by an

EM wave of intensity I on a surface kept in

vacuum is —.
C

What happens to the intensity of light from a
bulb if the distance from the bulb is doubled?
As a laser beam travels across the length of room,
its intensity essentially remain constant.

‘What geometrical characteristic of LASER beam
is responsible for the constant intensity which
is missing in the case of light from the bulb?
Even though an electric field E exer ts a force qgE
on a charged particle yet electric field of an EM
wave does not contribute to the radiation
pressure (but transfers energy). Explain.

Long Answer Questions

An infinitely long thin wire carrying a uniform
linear static charge density A is placed along the
z-axis (figure). The wire is set into motion along

its length with a uniform velocity v = vk .

Calculate the pointing vector S = L(E xB).
Ho
z
V/ a
I 25
a-T—>E

—
L

X

1

Sea water at frequency v = 4 x 108 Hz has
permittivity &€ = 80g,, permeability p = p; and
resistivity p = 0.25 m. Imagine a parallel plate
capacitor immersed in sea water and driven by
an alternating voltage source V(t) = V,, sin(2nvt).
What fraction of the conduction current density
is the displacement current density?

A long straight cable of length / is placed
symmetrically along z-axis and has radius
a(<</). The cable consists of a thin wire and a
co-axial conducting tube. An alternating current
I(t) = I, sin(2nvt) flows down the central thin
wire and returns along the co-axial conducting
tube. The induced electric field at a distance s
from the wire inside the cable is

E(s, t) = pol,veos (2mvt) In (Ejﬁ
a
(i) Calculate the displacement current density
inside the cable.
(i) Integrate the displacement current density
across the cross-section of the cable to find
the total displacement current 19,
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(i) Compare the conduction current I, with the
displacement current I,

A plane EM wave travelling in vacuum along z-

direction is given by E = E  sin(kz — wt) i andB

=B, sin(kz- o) j.

(1) Evaluate jE.dl over the rectangular loop
1234 shown in figure.

(i) Evaluate IB.ds over the surface bounded
by loop 1234.

(ii1) Use equation J‘E.dlz_j& to prove
t

E
—=c.
BO

(iv) By using similar process and the equation

J'B.dl =p,l+g, d(;i:, prove that ¢ =

1
VMo

XA

<— = —>|

y
A plane EM wave travelling along z-direction is
described by E = E; sin(kz — ot) i and
B =B, sin(kz— ot) j. Show that
(i) the average energy density of the wave is
B

' u, =—¢g,Bf +—
given by Yay AR 4,

(i) the time averaged intensity of the wave is

1
given by I, =5080E3_

NCERT EXEMPLAR SOLUTIONS

Multiple Choice Questions (MCQs)

1.

(¢) As we know that,

E=hv
As given that  h=6.62x107%]-s
E= 1leV=11x16x10"

v="7?
11eV=hv
11x1.6x10™"° _  11x1.6x107"
So, v= = =
h 6.62x10
=2.65%x105Hz

So, that frequency radiation belongs to
ultraviolet region.

(b) The type of wave doesn't change when a
wave is reflected from denser medium but only
its phase changes by 180° As E is along positive
x-axis so reflected ray will be along negative
x-axis and its component will also be opposite
to earlier in (—z) direction and phase will change.

For the reflected wave 2=-2,i=—-i and
additional phase of 7 in the incident wave.
As given that the incident electromagnetic wave

is, E= Eof cos(kz—wt)

So, the reflected electromagnetic wave is

~

E =E, (<3)cos(k(~2)— ot + 1)
= —Eofcos(—(kz +ot)+ )
= —Eoicos(n —(kz + wt))

= EOiAcos(kz +ot)

(b) As we know that
the momentum of incident light

_ Ultotal energy)
a c
As given that the energy flux ¢=20W/cm?

Surface are A =30 cm?
Time for total momentum delivered

t=30min =30 x 60 sec

So, total energy falling in time t sec is
U= ¢At =20% 30 % (30% 60)]J
Momentum of the incident light
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Sl
c

(- c=3x10%
Momentum of incident light

20x30x(30x 60)
3x10°

As no reflection from the surface and for
comidete absorption.
Momentum of the reflected light = 0
Hence, momentum delivered to the surface
= Charge in momentum. = (p;—f;)
=36x10%-0 =36x 10*kg-ms™!
(c) As we know that the electric field intensity
on a surface due to incident radiation is,

=36x10*kg-ms!

2
l,,cEg
Pa\/ .
I E? (A is constant)
2
Here, P, < E;
So, Ejoc /P,

(EO)l _ M
(EO)z - (Pav)z

(E), @[]
(), \so L1

(EO)z :(Eo)1 V2
(d The direction of propagation of
electromagnetic wave is perpendicular to both
electric field E and magnetic field B, i.e., in the

direction of E x B by right thumb rule.
The diagram given below

E(x) B(-y) E()

E(=x) B(y)

So, electromagnetic wave is along the
z-direction which is give the cross product of E
and B direction is perpendicular to E and B from

E to B .i.e., (E x B) in z-direction.

(c) Intensity in terms ofelectric field

7.

L
Uav = E 80E0
Intensity in terms of magnetic field
1B,
Uav ) K,

We also know that the relationship between E
and Bis E,=cB,
So the average energy by electric field is

1 1 2
(Uav) = ESOE(ZJ = ESOEO (CBO)

1 2132 !
=—g,xc’B ve=
1 .
(Uav)Electric field 580 8 o€y BO
1 B;
= E},l_: (Uav)Magnetic field
0

So, the energy in electromagnetic wave is
divided equally between electric field vector and
magnetic field vector.

Then, the ratio of contributions by the electric
field and magnetic field components to the
intensity of an electromagnetic wave is

Ratio= (Uav )e]eclric field =11
( av )Magnetic field
(¢) Asweknow that, the electric field is inversly

proportional tor, so (Eo oc lj
r

From a diode antenna, an electromagnetic waves
areradiated outwards from dipole antenna with
the amplitude of electric field vector (E)) which
transports significant energy from the source
falls off intensity inversely as the distance (r)
from the antenna, i.e.,

radiated energy (E ) o€ l)
r

(d) Inelectromagnetic wave,

the electric field vector is

E=(E,i+E,])cos(kz-ot)

and the associated magnetic field vector,

_E_Ei+E,}j
c c

So, E and B are perpendicular to each other

B cos(kz — ot)
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and the propagation of electromagnetic
wave is perpendicular to E as well as B, so
the electromagnetic wave plane polarised.

Multiple Choice Questions (More Than
One Options)

1.

(a,b,¢)

Let, the elctromagnetic wave is travelling along

negative z-direction. Then electric field vector
E=E cos(kz - ot)

which is perpendicular to z-axis. It acts along

negative y-direction.

and the associated magnetic field B in

electromagnetic wave is along x-axis i.e., along

kxE is given by

EO
As, B,= T

1 ,
So, B= ;(kXE) (along x-axis)

The associated electric field in terms of magnetic
fleld can be represented as

E=c (B X 12)
Ifangle between k and E is 90°
Then, kE=Ecos 90° =0
and if the angle between k and B also 90° then
k-B =E;c0s90°=0
So. {12 ‘E =0 is true if k.i=0

. T Lat 0=90°
k-B=0istrueifkj=0

(b,d)

In the electromagnatic wave electric and
magnetic field vectors E and B are perpendicular
to each other as well as perpendicular to the
direction of propagation of electromagnetic
wave.

Here electromagnetic wave is plane polarised
and propagating along x-direction. So, electric
and magnetic field vectors should be either
y-direction or z-direction.

(a,c,d)

As given that, the frequency of the charged
particles oscillates about its mean equilibrium
position = 10° Hz.

Vibrating particle produces electric and magnetic
field.

So, frequency of electromagnetic waves
produced by the charged particle is

v=10°Hz

¢ 3x10°

Wavelength A = v 10 0.3m
Since the range of radiowaves is between 10 Hz
to 10'2 Hz and hence 10° Hz lies in region of
readio waves.
(b,d)
In circular orbit, the direction of the motion of
charge particle is changing continuously, thus
itisan accelerated motion.
And when a charge particle starts acceleration,
then it falls in an electric field, because the
velocity of charge particle changes so its motion
become accelerated and can produce EM wave.
(a,c,d)
As we know that, the radiation pressure (P) is the
force exerted by charge particle in
electromagnetic wave on unit area of the surface,
i.e., rate of change of momentum per unit area of
the surface.
Then, the momentum per unit area per unit time

Intensity I

- Speed of wave T

The change in momentum per unit time per unit
Al o Al
area= ~~= radiation pressure p = o

Momentum of incident wave per unit area per

I
second = —
C

When wave is fully absorbed by the surface,
the momentum of the reflected wave per unit
time per unit area = 0.

Radiation pressure (p) = change in momentum

. Al 1 I
per unit area per second= —=—-0=—.
c c c

When wave is totally reflected, then momentum
of the reflected wave per unit area per time

Lo I (1) 21
= ——, Radiation pressure p=——| —— |=—.
C C c c

So variation of radiation pressure P lies between

the range 1 <p< 2 for real surface.
c c
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Very Short Answer Questions

1.

The orientation of the portable radio with respect
to broadcasting station is important because the
electromagnetic waves are plane polarised so
the receiving antenna should be parallel to the
vibration of the electric or magnetic field of the
wave.
In microwave oven heats up the food items
containing water molecules most efficiently
because the frequency of microwaves matches
the resonant frequency of water molecules,
which further causes increase in temperature.
As we know that,
As the displacement current through the
dq

capacitoris, I;=I = m (D)

As given that, q=(q, cos2nvt

Putting this value of q in Eq (i), we get
d
So, I,=1.= m (qycos2mvt)
[,=1,=—q sin2mvt x 27y

Iy = I, =2pvqgsin2pvt

The capacitive reactance (X,) is inversely
proportional to the conduction current

ie., (X % )
and capacitive reaction is also given by
1
X Jnrc

1 A%
o, X oc— and [=—
f C

C
When frequency decreases, X increases and
the conduction current is also decreases

asloc L .

On the other hand displacement current also

decreases as frequency decreases thus the

conduction current is equal to the displacement

current.

As we know that,

The standard equation of magnetic field
B=Bsin(kx— wt)

And, the given equation is

Y 4

B= 12x10sin(1.20 x 107z—3.60 x 1013t)T.
On comparing this equation with standard
equation (i), we have.

B,=12x107%
So, the average intensity of the beam

1B 1 (12x10%) x3x10°
=——.c=—x

2 1, 2 4 x107

=1.72 W/m?

In an electromagnetic waves. Let electric field
(E) of EM wave varying along y-axis, B is along
z-axis and propagation of wave be along x-axis.
Then E x B will give the direction of flow of
energy in electromegnetic wave, along x-axis.

Let E= E,sin (wt—kx)}
B= B, sin(ot—kx)k

av

. 1
Poynting vector S =— (Ex B)
Ho

- LEOB0 sin” (ot — kx)[jxﬂ

0

E B A
= 9 0gin* (wt—kx)i
Yo

So, S =i(sin2 (ot—kx))i
Ho

Then the variation of |S| with time (t) will be as

shown in figure :

T =2r/o

(E,B, =1)

......

ZN

>X (t)

An electromagnetic wave carries energy and
momentum like other waves.

So, it carries momentum, an electromagnetic
wave also exerts pressure called radiation
pressure. So the property of electromagnetic
waves helped professor CV Raman to surprised
his students by suspending freely a tiny light
ball in a transparent vacuum chamber by shining
a laser beam on it. The tails of the comets are
also due to radiation pressure.
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Short Answer Questions

1.

According to the given figure

Consider I be the displacement current in the
region between two plates of parallel plate
capacitor, shown in figure.

The magnetic field induction at a point in a region
between two plates of capacitor at a
perpendicular distance r from the axis of plates

B= Bl Loy ﬁx(go d%j
nr 2mr 2nr dt
[3-1 :EL“’E}
¢ dt
— MO_SO|:£(ETEI'2):| — HO_SOTEI'Z d_E
2mr [ dt 2nr dt
_ Hogord_E . )
B——2 " [.(I)E:Enr}
Hence Proved.
(@)
(i) Microwave is also used in satellite
communications.

So, A, is the wavelength of microwave and it
is used in microwave oven.

(i) Ultraviolet rays are used to kill germs in
water purifier. So, A, is the wavelength of
UV rays.

(iii) X-rays are used to detect leakage of oil in
underground pipelines. So, A, is the
wavelength of X-rays region. It is used to
detect fracture of bones in body.

(iv) Infrared rays 2, is used to improve visibility
on runways during fog and mist conditions.
So, the wavelength of infrared waves is
larger of low scattering.

() The arrangement of wavelength in
assending order are :

Ay <hy<hy<iy

(c) The application all the above equipment are

(i) Microwave is used in radar.

(i) UV isused in LASER eye surgery.

(iii) X-ray is used in radio therapy to cure
untracable skin diseases and malignant
growths.

(iv) Infrared is used in optical communication.

As we know that
The Radiant flux density or Poynting vector

1 ceao L
S= M_O(EXB):CZSO(EXB) |: C‘Mﬁ|

Let electromagnetic waves be propagating along
x-axis. So its electric field vector of
electromagnetic wave be along y-axis and
magnetic field vector be along z-axis. So that,
E,= Ecos(kx— ot)
B= B cos(kx — ot)
E xB= (E, .B,)cos?(kx— ot)
S=c%,(E.B)
=c%¢,(E,. By) cos*(kx — ot)
So, average value of the magnitude of radiant
flux density over complete cycle is

and

T
S,.= €& | Ey B, |%J‘cos2 (kx —oot) dt
0

1 T
= ¢’ E B, x—x—
000 T 2

T
{ Icosz (kx — ot)dt = I, c= EO}
) 2

B,
¢ E
S0, Sy, = &oFo|

SO, Sav =

Hence Proved.

As given that, the capacitance of capacitor
C=2uF=2x10"°F

Displacement current
[;=1mA =103A

As we know that,q = CV [ q= it]

or ;= Cd—V
dt

1x103= 2x107° xd—V
dt



95

NCERT 12 Physics Solution

% Physics

av 1.
or — = —x10" =500V/s
a2

Hence, by applying a varying voltage difference
of 500 V/s, so we would produce a displacement
current of desired value.

As we know that,

P _ Force _ E

ressure =~ "=
Ifmass (m) of radiant particle for wave of velocity
(C) then E=mC?
Let, E=1;
U=mC)C
U =PC [+ P=mC]

differentiating both side w.r.t. (t)

IR LI

Then, the Force is the rate of change of momentum

So,

d
g dp

1e.
’ dt

By putting the value of (i—fj in equation (ii)

l{dv}
F: —_ —
C|l dt

F
From (i) equation,P = "N

So,

1 dU
So, (Pressure) (P)= N
{ I = Intensity = d_U}
Adt
p-L
C

Bulb spreads its light in all around spherically
and symmetrically. So, if the distance is doubled,
the area of spherical region (4nr?) will become
four times.

So, the intensity becomes one fourth the initial
value in straight line for spherical source (I oc 1/
4nr?) but in case of laser it does not spread in all
directions, so its intensity remain almost same.
Geometrical characteristic of LASER beam which

is responsible for the constant intensity are :
(1 Unidirection (i1) Monochromatic

(i) Coherentlight (iv) Highly collimated
These characteristic are missing in the case of
light from the bulb.

In electromagnetic wave, the electric field of an
EM wave is an oscillating field, so the electric
force caused by its on a charged particle
whenever electric force averaged over an integral
number of cycle is zero, since its direction
changes every half cycle.

Hence, electric field is not responsible for
radiation pressure.

Long Answer Questions

1.

L

Let us consider a cylindrical surface in such a
way that the axis of cyclinder lies on wire. So
electric field intensity due to long straight wire
at a distance a and charge density A ¢/m.

Aoa
E= 2me,a (J)

g KAV (G)
2ma 2ma

= i[ExB]=i{7‘—G)xﬂxv(€)}

L, Ko | 2mne,a  2ma

B=

2

A L oa
ot
0

Ay

S=-
4n’g a’

Let distance between the parallel plates of
capacitor is d and applied voltage
V()= Vsin(2mvt)

So, electric field

vit) vV, .
= _ Osin(2mvt)
E . T v

By applying Ohm's law, conduction current
density is

V,
chl—osin(ZRVt) - &sin(%wt)
pd pd

v
Let, Je= p—("i ..... (i)



96

NCERT 12 Physics Solution

% Physics

Then J, =1, sin2mvt

Now the displacement current density is

J.=¢€ S—E—é[ 21wt}
T

e[ o]
d

s2n_VVCOS (2nvt)
2nveV,
Let, J$= T =Jlcos(2mvt) .. (ii)

Dividing equation (ii) to equation (i)

J§ 2mveV, pd
So, — _—'7:2TEV8p

[~ Given & =80, |
=2nx80g,vx0.25 = 4me,vx10

I 10v [ A 1 }
= | 4ngy = ———
I, 9x10° ’9x10°

[ Given v=4x10"]
10x4x10° (4)

9x10° 9
We know that,
Displacement current density
dE
J d =& E

(1) The induced electric field E(s, t) at a distance
(s <radius of co-axial cable) from the wire
inside the cable is given as :

E(s, t) = Mol,veos(2nvt)In (3) k
a

Now, displacement current density, (J,) is given
by,

dE d ) n
Jy= Sog = soa{uolovcos(vat)ln[ﬂ k}

Ho€o

A 1
= SOP«OIOV%[COS 2nvt]ln(§) k { ¢’ = }

=

.
—~
ISR
Il

|
.J;N
»n | ®
I

1 . S
= IOV2 2n[—sin2nvt]In (—j
c a

2 2
= +V—227II0 sin2nvtIn (ij k [ A= C—}
C S

= L21tI ln( )sm2nvtk
A’ S

5 - 21110

ln( Jsm(2nvt)k
s

2n

(i) 1,= [J,sdsdo = f J,sds j do

_ jo J sdsx[2n]
- [ (st o
(2 (2t
- (2 n(2) 2
-2 dsnzma] (o s
) i)
{2 2]

—a’(2n)’
Id:_(Tj Iosin2nvt(k)

}sm(va‘[)k

—a a[2n]. . -
- = Iosm(vat)k
2 40\

The negative sign shows that the displacement
current [ is oposite to the conduction current I |

4
So, i(@j I, sin2nvt(f<)
2\ 2h

Iy is in z-direction as I . is in +z direction.
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(i) The displacement current.

h
= k° [ cos(kz, — wt) - cos(kz, — ot)|

...(ii)

_a
)

2 2
a2 n_ajl _(a_njl (3] N
So. g 2(x o= (0 2

2
a .
I (%j I sin2nvt = I3 sin 27wt

) 4 3
o [0)] sy e i
.|\ 2 J(a_nj AT p=lk
T I, 2\n) o fesE V]2 o
z, dz 2z 7
T /430,-
So, the required ratiois ~- = an y

I, 2»°

4. (i) According to the given figure (iif) As given that,

cj}E.dl - _34:3 - —%gSB.ds

XN

E [‘.'B:BO sin(kz—cot)]
hd|E E|dl Equating Egs. (i) and (ii), we have
‘1'1 E 2y E,h|sin(kz, —ot)—sin(kz, — ot
z, d z ¢ oh[sin kz, —ot) —sin(kz, ~ox)]
A
B=B,] —d| B,h
y = d—f[%{cos(kzz —ot)—cos(kz, —mt)}}
Let us consider the electromagnetic wave is
propagating along z-axis, and electric field vector E,h [sin ( kz, - mt) —sin (kz1 —ot )J
(E) be along x-axis and magnetic field vector B
: =5 5 B,h
along y-axis. so, E= Eiand B=B,]. - Lw[sin (kz, — ot) —sin(kz, - mt)]
Line integral of E over the closed path 1234 in k
x-z plane, shown in above figure. B, o
2 3 4 1 SOsEO_ k Byc |:"E:C:l
So, $EdI-[Edl+ [Edl+[Edl+[Edl
1 2 3 4 E
_0 =C
2 3 4 1 B
= I E.dlcos90 +j E.dlcos0 +J. E.dlcos90 + I E.dlcos180° 0
! 2 3 4 (iv) Let us consider a loop 1234 in y-z plane as
= th[sin(kz2 —ot)-sin(kz, - g(x)t)] . (1) shown in figure.
(i) Now again let us consider the rectangle “
1234 to be made of strips of area ds = hdz
each and the angle between (dS ) and ( B) E=Eia
is zero.
So, J.E& = jB.ds cos0 = jB.ds ?1 dl 422
» —>Z
" B = B,j dg
dl
1 _ d bw
— J‘ B, sin (kz—ot)hdz v 9 4 l/

7, B
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Sﬁ Bdl = J%B.dl + jB.dl + } Bdl+ jB.dl
1 2 4

2 3 4
= IB.dlcos 0+ I B.dlcos90° + jB.dl cos180°
1 3

2

1
+ IB.dlcos 90°
4

= B,h[sin(kz, - ot)-sin(kz, —ot)] ..
[ dl=h]

Now to calculate ¢, =IE.ds, consider the

rectangle strip of loop 1, 2, 3, 4 of area (ds) each
(ds=hdz).

X
A
E=EjiA
z1 dz  z, 57
B=g} d 7’ 4
s ‘/ dl
y 2 B 3

¢E:IE.ds = jEdscosOO = IEds

= I E, sin(kz, — ot)hdz

Z

E,h

L N ——

g % = E()Tho)[sin(kz1 - ot)—sin(kz, - ot) |

o (V)
By applying ampere's law,

&,ddg
qSBdl ( dt )

where, I, = conduction current
For vacuum, I, =0

So, $Bdl = uos—
From Egs. (iii) and (iv) then we have,

B,h [sin (kz, — ot)sin (kz2 - mt)]

= Uy — [sm(kz —ot)—sin(kz —wt)]
_ g
B,= E, L
E, o 1 E,
So, 5 7 = —2 =candw=ck
Bk pg, ( B, )
c.ck 1 5 1
then, - = orc-=
k nogg Koo
. 1
I =
ence, e,

(i) Due to electric field vector and magnetic
field vector the electromagnetic wave carry
energy. In electromagnetic wave, E and B vary
with time from point to point and from moment
to moment.

Consider E and B be the time averages.

So, the energy density due to electric field E is

1

up = anEz
And the energy density due to magnetic field B
. 1B
is ug=7> n
So, total average energy density of
electromagnetic wave

1 B’

uav:uE+uB =7E E +Eu_0

Consider the electromagnetic wave propagating
along z-direction. The electric field vector and
magnetic field vector are :
E=Esin(kz—ot)
B= Bsin(kz— wt)
Then the time average value of E> over complete
2
_ 0
cycle 5
Similarly the time average value of B2 over
2
complete cycle = 70

_lgE) 1 [ng
S TESTH =
0 Uy =57, Tl
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1 B!
Hence, u, =—|:80E§ +—°}
4 4p,

(i) As we know that the relationship between

1
VM€

And, From (i) part, when, u, =0

gpand Eis E;=cBjand ¢ =

1Bl CLE

= e S
4, 477 4

when (—ve) neglected.

1B 1B/ E

SO, = X Ho€g
4, 4o Ay
1B, 1E;
4p, 4eg,

or ~ =

U = Uy
Again from (i) part,

2 E E;
u =180E3+l& .'.C:_ODCZZ —(2)
a4 4u B, B;

0

1 1
=—¢g,E; +ZSOE§

2 B
NIRRT S
a2 2 Ko Ho€g

Ug = Up

So, time average intensity of the wave

1o 1
I,=u, C= ESOBOC = EsoEoc

1
Hence, I, = EsoEgc



Chapter Nine

RAY COPIC S
AND OPTIC AL
INSTRUMNENTS

SUMMARY

1. Reflection is governed by the equation Zi = Zr’ and refraction by the
Snell’s law, sini/sinr = n, where the incident ray, reflected ray, refracted
ray and normal lie in the same plane. Angles of incidence, reflection
and refraction are i, r' and r, respectively.

2. The critical angle of incidence i for a ray incident from a denser to rarer
medium, is that angle for which the angle of refraction is 90°. For
i> i, total internal reflection occurs. Multiple internal reflections in
diamond (i, = 24.4°), totally reflecting prisms and mirage, are some
examples of total internal reflection. Optical fibres consist of glass
fibres coated with a thin layer of material of lower refractive index.
Light incident at an angle at one end comes out at the other, after
multiple internal reflections, even if the fibre is bent.

3. Cartesian sign convention: Distances measured in the same direction
as the incident light are positive; those measured in the opposite
direction are negative. All distances are measured from the pole/optic
centre of the mirror/lens on the principal axis. The heights measured
upwards above x-axis and normal to the principal axis of the mirror/
lens are taken as positive. The heights measured downwards are taken
as negative.

4. Mirror equation:
1 1 1
R
v u f
where uand v are object and image distances, respectively and fis the
focal length of the mirror. fis (approximately) half the radius of

curvature R. fis negative for concave mirror; f is positive for a convex
mirror.

5. For a prism of the angle A, of refractive index n, placed in a medium
of refractive index n,,
n, sin[(A+D,)/2]
n,= —“==—s-——~ =
2 n sin(A/2)
where D, is the angle of minimum deviation.
6. For refraction through a spherical interface (from medium 1 to 2 of
refractive index n, and n,, respectively)

My _ M _ Wy =il

v ou R
Thin lens_formula
1 1 1

vou f 343
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Lens maker’s_formula

1 (r-m)(1 1)

f n'l Rl RZ

R, and R, are the radii of curvature of the lens surfaces. fis positive
for a converging lens; fis negative for a diverging lens. The power of a
lens P=1/f.

The SI unit for power of a lens is dioptre (D): 1 D = 1 m".

If several thin lenses of focal length f;, f,, f;,.. are in contact, the
effective focal length of their combination, is given by

1 1 1 1
=t — —+

S h L S

The total power of a combination of several lenses is

P=P +P,+P, +..

Dispersion is the splitting of light into its constituent colours.

The Eye: The eye has a convex lens of focal length about 2.5 cm. This
focal length can be varied somewhat so that the image is always formed
on the retina. This ability of the eye is called accommodation. In a
defective eye, if the image is focussed before the retina (myopia), a
diverging corrective lens is needed; if the image is focussed beyond the
retina (hypermetropia), a converging corrective lens is needed.
Astigmatism is corrected by using cylindrical lenses.

Magnifying power m of a simple microscope is given by m = 1 + (D/f),
where D = 25 cm is the least distance of distinct vision and fis the
focal length of the convex lens. If the image is at infinity, m = D/f. For
a compound microscope, the magnifying power is given by
m = m, x m, where m, = 1 + (D/f,), is the magnification due to the
eyepiece and m, is the magnification produced by the objective.
Approximately,

L D
= — X —

So T
where f, and f, are the focal lengths of the objective and eyepiece,
respectively, and L is the distance between their focal points.

m

. Magnifying power m of a telescope is the ratio of the angle  subtended

at the eye by the image to the angle a subtended at the eye by the
object.

A
a f

where f and f, are the focal lengths of the objective and eyepiece,

respectively.

POINTS TO PONDER

The laws of reflection and refraction are true for all surfaces and
pairs of media at the point of the incidence.

The real image of an object placed between fand 2ffrom a convex lens
can be seen on a screen placed at the image location. If the screen is
removed, is the image still there? This question puzzles many, because
it is difficult to reconcile ourselves with an image suspended in air
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without a screen. But the image does exist. Rays from a given point
on the object are converging to an image point in space and diverging
away. The screen simply diffuses these rays, some of which reach our
eye and we see the image. This can be seen by the images formed in air
during a laser show.

Image formation needs regular reflection/refraction. In principle, all
rays from a given point should reach the same image point. This is
why you do not see your image by an irregular reflecting object, say
the page of a book.

Thick lenses give coloured images due to dispersion. The variety in
colour of objects we see around us is due to the constituent colours of
the light incident on them. A monochromatic light may produce an
entirely different perception about the colours on an object as seen in
white light.

For a simple microscope, the angular size of the object equals the
angular size of the image. Yet it offers magnification because we can
keep the small object much closer to the eye than 25 cm and hence
have it subtend a large angle. The image is at 25 cm which we can see.
Without the microscope, you would need to keep the small object at
25 cm which would subtend a very small angle.

EXERCISES ‘

A small candle, 2.5 cm in size is placed at 27 cm in front of a concave
mirror of radius of curvature 36 cm. At what distance from the mirror
should a screen be placed in order to obtain a sharp image? Describe
the nature and size of the image. If the candle is moved closer to the
mirror, how would the screen have to be moved?

A 4.5 cm needle is placed 12 cm away from a convex mirror of focal
length 15 cm. Give the location of the image and the magnification.
Describe what happens as the needle is moved farther from the mirror.
A tank is filled with water to a height of 12.5 cm. The apparent
depth of a needle lying at the bottom of the tank is measured by a
microscope to be 9.4 cm. What is the refractive index of water? If
water is replaced by a liquid of refractive index 1.63 up to the same
height, by what distance would the microscope have to be moved to
focus on the needle again?

Figures 9.34(a) and (b) show refraction of a ray in air incident at 60°
with the normal to a glass-air and water-air interface, respectively.
Predict the angle of refraction in glass when the angle of incidence
in water is 45° with the normal to a water-glass interface [Fig. 9.34(c)].

Air

Glass 35 60" Glass

Air
Water |47 45° Water

(@) (b) (©)
FIGURE 9.34
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9.9

9.11

A small bulb is placed at the bottom of a tank containing water to a
depth of 80cm. What is the area of the surface of water through
which light from the bulb can emerge out? Refractive index of water
is 1.33. (Consider the bulb to be a point source.)
A prism is made of glass of unknown refractive index. A parallel
beam of light is incident on a face of the prism. The angle of minimum
deviation is measured to be 40°. What is the refractive index of the
material of the prism? The refracting angle of the prism is 60°. If
the prism is placed in water (refractive index 1.33), predict the new
angle of minimum deviation of a parallel beam of light.
Double-convex lenses are to be manufactured from a glass of
refractive index 1.55, with both faces of the same radius of
curvature. What is the radius of curvature required if the focal length
is to be 20cm?
A beam of light converges at a point P. Now a lens is placed in the
path of the convergent beam 12cm from P. At what point does the
beam converge if the lens is (a) a convex lens of focal length 20cm,
and (b) a concave lens of focal length 16cm?
An object of size 3.0cm is placed 14cm in front of a concave lens of
focal length 21cm. Describe the image produced by the lens. What
happens if the object is moved further away from the lens?
What is the focal length of a convex lens of focal length 30cm in
contact with a concave lens of focal length 20cm? Is the system a
converging or a diverging lens? Ignore thickness of the lenses.
A compound microscope consists of an objective lens of focal length
2.0cm and an eyepiece of focal length 6.25cm separated by a
distance of 15cm. How far from the objective should an object be
placed in order to obtain the final image at (a) the least distance of
distinct vision (25cm), and (b) at infinity? What is the magnifying
power of the microscope in each case?
A person with a normal near point (25cm) using a compound
microscope with objective of focal length 8.0 mm and an eyepiece of
focal length 2.5cm can bring an object placed at 9.0mm from the
objective in sharp focus. What is the separation between the two
lenses? Calculate the magnifying power of the microscope,
A small telescope has an objective lens of focal length 144cm and
an eyepiece of focal length 6.0cm. What is the magnifying power of
the telescope? What is the separation between the objective and
the eyepiece?
(a) A giant refracting telescope at an observatory has an objective
lens of focal length 15m. If an eyepiece of focal length 1.0cm is
used, what is the angular magnification of the telescope?
If this telescope is used to view the moon, what is the diameter
of the image of the moon formed by the objective lens? The
diameter of the moon is 3.48 x 10°m, and the radius of lunar
orbit is 3.8 x 10°m.
Use the mirror equation to deduce that:
(a) an object placed between fand 2 f of a concave mirror produces
a real image beyond 2 f.
(b) a convex mirror always produces a virtual image independent
of the location of the object.
(c) the virtual image produced by a convex mirror is always
diminished in size and is located between the focus and
the pole.

(b
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(d) an object placed between the pole and focus of a concave mirror
produces a virtual and enlarged image.

[Note: This exercise helps you deduce algebraically properties of

images that one obtains from explicit ray diagrams.]

A small pin fixed on a table top is viewed from above from a distance
of 50cm. By what distance would the pin appear to be raised if it is
viewed from the same point through a 15cm thick glass slab held
parallel to the table? Refractive index of glass = 1.5. Does the answer
depend on the location of the slab?

(a) Figure 9.35 shows a cross-section of a ‘light pipe’ made of a
glass fibre of refractive index 1.68. The outer covering of the
pipe is made of a material of refractive index 1.44. What is the
range of the angles of the incident rays with the axis of the pipe
for which total reflections inside the pipe take place, as shown
in the figure.

(b) What is the answer if there is no outer covering of the pipe?

FIGURE 9.35

Answer the following questions:

(a) You have learnt that plane and convex mirrors produce virtual
images of objects. Can they produce real images under some
circumstances? Explain.

A virtual image, we always say, cannot be caught on a screen.
Yet when we ‘see’ a virtual image, we are obviously bringing it
on to the ‘screen’ (i.e., the retina) of our eye. Is there a
contradiction?

(b

(c) A diver under water, looks obliquely at a fisherman standing on
the bank of a lake. Would the fisherman look taller or shorter to
the diver than what he actually is?

(d) Does the apparent depth of a tank of water change if viewed
obliquely? If so, does the apparent depth increase or decrease?

(e) The refractive index of diamond is much greater than that of
ordinary glass. Is this fact of some use to a diamond cutter?

The image of a small electric bulb fixed on the wall of a room is to be
obtained on the opposite wall 3m away by means of a large convex
lens. What is the maximum possible focal length of the lens required
for the purpose?

A screen is placed 90cm from an object. The image of the object on

the screen is formed by a convex lens at two different locations

separated by 20cm. Determine the focal length of the lens.

(a) Determine the ‘effective focal length’ of the combination of the
two lenses in Exercise 9.10, if they are placed 8.0cm apart with
their principal axes coincident. Does the answer depend on
which side of the combination a beam of parallel light is incident?
Is the notion of effective focal length of this system useful at all?

(b) An object 1.5 cm in size is placed on the side of the convex lens
in the arrangement (a) above. The distance between the object

347
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and the convex lens is 40cm. Determine the magnification
produced by the two-lens system, and the size of the image.
At what angle should a ray of light be incident on the face of a prism
of refracting angle 60° so that it just suffers total internal reflection
at the other face? The refractive index of the material of the prism is
1.524.
You are given prisms made of crown glass and flint glass with a
wide variety of angles. Suggest a combination of prisms which will
(a) deviate a pencil of white light without much dispersion,
(b) disperse (and displace) a pencil of white light without much
deviation.

For a normal eye, the far point is at infinity and the near point of
distinct vision is about 25cm in front of the eye. The cornea of the
eye provides a converging power of about 40 dioptres, and the least
converging power of the eye-lens behind the cornea is about 20
dioptres. From this rough data estimate the range of accommodation
(i.e., the range of converging power of the eye-lens) of a normal eye.

Does short-sightedness (myopia) or long-sightedness (hyper-
metropia) imply necessarily that the eye has partially lost its ability
of accommodation? If not, what might cause these defects of vision?
A myopic person has been using spectacles of power -1.0 dioptre
for distant vision. During old age he also needs to use separate
reading glass of power + 2.0 dioptres. Explain what may have
happened.

A person looking at a person wearing a shirt with a pattern
comprising vertical and horizontal lines is able to see the vertical
lines more distinctly than the horizontal ones. What is this defect
due to? How is such a defect of vision corrected?

A man with normal near point (25 cm) reads a book with small print
using a magnifying glass: a thin convex lens of focal length 5 cm.
(a) What is the closest and the farthest distance at which he should
keep the lens from the page so that he can read the book when
viewing through the magnifying glass?
(b) What is the maximum and the minimum angular magnification
(magnifying power) possible using the above simple microscope?
A card sheet divided into squares each of size 1 mm? is being viewed
at a distance of 9 cm through a magnifying glass (a converging lens
of focal length 9 cm) held close to the eye.

(a) What is the magnification produced by the lens? How much is
the area of each square in the virtual image?

(b) What is the angular magnification (magnifying power) of the
lens?

(c) Is the magnification in (a) equal to the magnifying power in (b)?
Explain.

(a) At what distance should the lens be held from the figure in
Exercise 9.29 in order to view the squares distinctly with the
maximum possible magnifying power?

(b) What is the magnification in this case?

(c) Is the magnification equal to the magnifying power in this case?
Explain.

What should be the distance between the object in Exercise 9.30

and the magnifying glass if the virtual image of each square in the

figure is to have an area of 6.25 mm?. Would you be able to see the
squares distinctly with your eyes very close to the magnifier?



9.32

9.33

9.34

9.35

9.36

9.37

Ray Optics and
Optical Instruments

[Note: Exercises 9.29 to 9.31 will help you clearly understand the
difference between magnification in absolute size and the angular
magnification (or magnifying power) of an instrument.]

Answer the following questions:

(a) The angle subtended at the eye by an object is equal to the

angle subtended at the eye by the virtual image produced by a

magnifying glass. In what sense then does a magnifying glass

provide angular magnification?

In viewing through a magnifying glass, one usually positions

one’s eyes very close to the lens. Does angular magnification

change if the eye is moved back?

(c) Magnifying power of a simple microscope is inversely proportional
to the focal length of the lens. What then stops us from using a
convex lens of smaller and smaller focal length and achieving
greater and greater magnifying power?

(d) Why must both the objective and the eyepiece of a compound
microscope have short focal lengths?

(e) When viewing through a compound microscope, our eyes should
be positioned not on the eyepiece but a short distance away
from it for best viewing. Why? How much should be that short
distance between the eye and eyepiece?

An angular magnification (magnifying power) of 30X is desired using

an objective of focal length 1.25cm and an eyepiece of focal length

5cm. How will you set up the compound microscope?

(b

A small telescope has an objective lens of focal length 140cm and
an eyepiece of focal length 5.0cm. What is the magnifying power of
the telescope for viewing distant objects when

(a) the telescope is in normal adjustment (i.e., when the final image
is at infinity)?

(b) the final image is formed at the least distance of distinct vision
(25¢cm)?

(a) For the telescope described in Exercise 9.34 (a), what is the
separation between the objective lens and the eyepiece?

(b) If this telescope is used to view a 100 m tall tower 3 km away,
what is the height of the image of the tower formed by the objective
lens?

(c) What is the height of the final image of the tower if it is formed at
25cm?

A Cassegrain telescope uses two mirrors as shown in Fig. 9.33. Such

a telescope is built with the mirrors 20mm apart. If the radius of

curvature of the large mirror is 220mm and the small mirror is

140mm, where will the final image of an object at infinity be?

Light incident normally on a plane mirror attached to a galvanometer
coil retraces backwards as shown in Fig. 9.36. A current in the coil
produces a deflection of 3.5° of the mirror. What is the displacement
of the reflected spot of light on a screen placed 1.5 m away?

-

< 1.5m

FIGURE 9.36
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Figure 9.37 shows an equiconvex lens (of refractive index 1.50) in
contact with a liquid layer on top of a plane mirror. A small needle
with its tip on the principal axis is moved along the axis until its
inverted image is found at the position of the needle. The distance of
the needle from the lens is measured to be 45.0cm. The liquid is
removed and the experiment is repeated. The new distance is
measured to be 30.0cm. What is the refractive index of the liquid?

Q PP Q

FIGURE 9.37
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Chapter 9:- Ray Optics

Multiple Choice Questions (MCQs)

A ray of light incident at an angle 6 on a

refracting face of a prism emerges from the other

face normally. Ifthe angle of the prism is 5° and

the prism is made of a material of refractive index

1.5, the angle of incidence is

(@) 75° (b) 5°

(c) 15° (d) 2.5°

A short pulse of white light is incident from air

to a glass slab at normal incidence. After

travelling through the slab, the first colour to

emerge is

(a) blue (b) green

(c) violet (d) red

An object approaches a convergent lens from

the left of the lens with a uniform speed 5 m/s

and stops at the focus. The image

(a) moves away from the lens with an uniform
speed 5 m/s

(b) moves away from the lens with an uniform
acceleration

(c) moves away from the lens with a non-
uniform acceleration

(d) moves towards the lens with a non-uniform
acceleration

A passenger in an aeroplane shall

(a) never see a rainbow

(b) maysee a primary and a secondary rainbow
as concentric circles

(c) maysee a primary and a secondary rainbow
as concentric arcs

(d) shall never see a secondary rainbow

You are given four sources of light each one

providing a light of a single colour - red, blue,

green and yellow. Suppose the angle of

refraction for a beam of yellow light

corresponding to a particular angle of incidence

at the interface of two media is 90°. Which of the

following statements is correct if the source of

yellow light is replaced with that of other lights

without changing the angle of incidence?

(a) The beam of red light would undergo total
internal reflection

(b) The beam of red light would bend towards
normal while it gets refracted through the
second medium

(c) The beam ofblue light would undergo total
internal reflection

(d) The beam of green light would bend away
from the normal as it gets refracted through
the second medium

The radius of curvature of the curved surface of

a plano-convex lens is 20 cm. If the refractive

index of the material of the lens be 1.5, it will

(a) act as a convex lens only for the objects
that lie on its curved side

(b) act as a concave lens for the objects that lie
on its curved side

(c) actasa convex lens irrespective of the side
on which the object lies

(d) actas aconcave lens irrespective of side on
which the object lies

The phenomena involved in the reflection of

radiowaves by ionosphere is similar to

(a) reflection of light by a plane mirror

(b) total internal reflection of light in air during
amirage

(c) dispersion of light by water molecules during
the formation of a rainbow

(d) scattering of light by the particles of air

The direction of ray of light incident on a

concave mirror is shown by PQ while directions

in which the ray would travel after reflection is
shown by four rays marked 1, 2, 3 and 4 (figure).

Which of the four rays correctly shows the

direction of reflected ray?

@1 ®2 (@©3 (@4
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The optical density of turpentine is higher than
tnat of water while its mass density is lower.
Figure shows a layer of turpentine floating over
water in a container. For which one of the four
rays incident on turpentine in figure, the path
shown is correct?

@1 ® 2 (o 3

A4
AVER!
woy Xel Y

A car is moving with at a constant speed of
60 km h™! on a straight road. Looking at the rear
view mirror, the driver finds that the car following
him is ata distance of 100 m and is approaching
with a speed of 5 kmh™!.

In order to keep track of the car in the rear, the
driver begins to glance alternatively at the rear
and side mirror of his car after every 2 s till the
other car overtakes. If the two cars were
maintaining their speeds, which of the following
statement (8) is/are correct?

d 4

(a) The speed of the car in the rear is
65kmh!

(b) In the side mirror, the car in the rear would
appear to approach with a speed of
5 kmh! to the driver of the leading car

(c) In the rear view mirror, the speed of the
approaching car would appear to decrease
as the distance between the cars decreases

(d) In the side mirror, the speed of the
approaching car would appear to increase
as the distance between the cars decreases

There are certain material developed in

laboratories which have a negative refractive

index figure. A ray incident from air (Medium 1)

into such a medium (Medium 2) shall follow a

path given by

|
|
o
! 1

ST AET T

1

oS ST
W

o [T

o/ LTI

Multiple Choice Questions (MCQs)

(More than one option correct)

Consider an extended object immersed in water

contained in a plane trough. When seen from

close to the edge of the trough the object looks

distorted because

(a) the apparent depth of the points close to
the edge are nearer the surface of the water
compared to the points away from the edge

(b) the angle subtended by the image of the
object at the eye is smaller than the actual
angle subtended by the object in air

(c) some of the points of the object far away
from the edge may not be visible because of
total internal reflection

(d) water in a trough acts as a lens and magnifies
the object

A rectangular block of glass ABCD has a

refractive index 1.6. A pin is placed midway on

the face AB figure. When observed from the

face AD, the pin shall

A L B

D C
(a) appear to be near A

(b) appear to be near D
(c) appear to be at the centre of AD
(d) not be seen at all
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Between the primary and secondary rainbows,

there is a dark band known as Alexandar’s dark

band. This is because

(a) light scattered into this region interfere
destructively

(b) there is no light scattered into this region

(c) light is absorbed in this region

(d) angle made at the eye by the scattered rays
with respect to the incident light of the sun
lies between approximately 42° and 50°

A magnifying glass is used, as the object to be

viewed can be brought closer to the eye than

the normal near point. This results in

(a) alarger angle to be subtended by the object
at the eye and hence, viewed in greater detail

(b) the formation of a virtual erect image

(c) increase in the field of view

(d) infinite magnification at the near point

An astronomical refractive telescope has an

objective of focal length 20m and an eyepiece of

focal length 2 cm.

(a) The length of the telescope tube is 20.02 m

(b) Themagnification is 1000

(c) Theimage formed is inverted

(d) Anobjective ofa larger aperture will increase
the brightness and reduce chromatic
aberration of the image

Very Short Answer Questions

1.

Will the focal length of a lens for red light be
more, same or less than that for blue light?
The near vision of an average person is 25 cm.
To view an object with an angular magnification
of 10, what should be the power of the
microscope ?

Anunsymmetrical double convex thin lens forms
the image of a point object on its axis. Will the
position of the image change if the lens is
reversed?

Three immiscible liquids of densities
d, >d, > d, and refractive indices p; > p, > 1,
are put in a beaker. The height of each liquid

h
column is 5 A dot is made at the bottom of the

beaker. For near normal vision, find the apparent
depth of the dot.

For a glass prism ( u= 3 ) , the angle of minimum

deviation is equal to the angle of the prism. Find
the angle of the prism.

Short Answer Questions

A short object of length L is placed aLong the
principal axis of a concave mirror away from
focus. The object distance is u. If the mirror has
a focal length f, what will be the length of the
image? You may take L <<|v —f].

A circular disc of radius R is placed co-axially
and horizontally inside an opaque hemispherical
bowl of radius a figure. The far edge of the disc
is just visible when viewed from the edge of the
bowl. The bowl is filled with transparent liquid
of refractive index p and the near edge of the
disc becomes just visible. How far below the
top of the bowl is the disc placed?

d o
90/6 i

A R C R B

A thin convex lens of focal length 25 cm is cut
into two pieces 0.5cm above the principal axis.
The top part is placed at (0, 0) and an object
placed at (—50 c¢m, 0). Find the coordinates of
the image.

In many experimental set-ups, the source and
screen are fixed at a distance say D and the lens
is movable. Show that there are two positions
for the lens for which an image is formed on the
screen. Find the distance between these points
and the ratio of the image sizes for these two
points.

Ajar of height h is filled with a transparent liquid
of refractive index p figure. At the centre of the
jar on the bottom surface is a dot. Find the
minimum diameter of a disc, such that when
placed on the top surface
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Long Answer Questions

The mixture a pure liquid and a solution in a
long vertical column (i.e., horizontal dimensions
<< vertical dimensions) produces diffusion of
solute particles and hence a refractive index
gradient along the vertical dimension. A ray of
light entering the column at right angles to the
vertical is deviated from its original path. Find
the deviation in travelling a horizontal distance
d <<h, the height of the column.

If light passes near a massive object, the
gravitational interaction causes a bending of the
ray. This can be thought of as happening due to
a change in the effective refractive index of the
medium given by

n(r)= 1 +2GM/rc?

Multiple Choice Questions (MCQs)

(@) As we know that the deviation
S=u-HA .. )

By geometry, the angle of refraction by first
surfaceis 5° and given p=1.5

So, d=(1.5-1)x5°
=25°
also, 6=0-r, .. (i)
By putting the value of d and r in equation (ii)
2.5°=0-5°

So, 0=5+2.5=75°

where r is the distance of the point of
consideration from the centre of the mass of the
massive body, G is the universal gravitational
constant, M the mass of the body and c the
speed of light in vacuum. Considering a spherical
object find the deviation of the ray from the
original path as it grazes the object.

An infinitely long cylinder ot radius R is made
of an unusual exotic material with refractive
index-1 (figure). The cylinder is placed between
two planes whose normals are along the
y-direction. The centre of the cylinder O lies
along the y-axis. A narrow laser beam is directed
along the y-direction from the lower plate. The
Laser source is at a horizontal distance x from
the diameter in the y direction. Find the range of
x such that light emitted from the lower plane
does not reach the upper plane.

i 0
Oi - A
o \R
AN | ‘
i 0, L.t
- | X

P
B

%-
L.

x

NCERT EXEMPLAR SOLUTIONS

2.

(d) As we know that when light ray goes from
one medium to other medium, the frequency of
light remains unchanged.

And,
So, ¢ oc A the light of red colour is of highest
wavelength and therefore of highest speed.
Thus, after travelling through the slab, the red
colour emerge first,

(¢) According to the question, when object is
at different position, and if an object approaches
towards a convergent lens from the left of the
lens with a uniform speed of 5 m/s, the image
move away from the lens to infinity with a non-
uniform acceleration.

c=vVA
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() When a passenger in an aeroplane then he
may see primary and secondary rainbow such
as concentric circles.

(¢) Among all given sources of light, the bule
light have smallest wavelength.According to
Cauchy relationship, smaller the wavelength
higher the refractive index and consequently

smaller the critical angleas p = L .

sinc
Hence, corresponding to blue colour, the critical
angle is least which facilitates total internal
reflection for the beam of blue light and the beam
of green light would also undergo total internal
reflection.
(c) Using lens maker’s formula for plano-convex
lens, so focal length is

1o (uz—ul)(L—L]

f R, R,
If object on curved suface
so, R,=o
Rl
then, f=——"—=
(Hz - )

Lens placed in air, p; = 1.
(As given that, R=20cm, pi, = 1.5, on substituting
the values in)

R

:_u—l
20

S 15-1

=40cm
So, fis converging nature, as f> 0. Hence, lens
will always act as a convex lens irrespective of
the side on which the object lies.
(b) Thereflection of radiowaves by ionosphere
is similar to total internal reflection of light in air
during a mirage because angle of incidence is
greater than critical angle so that internal
reflection of radio wave, take place.
(b) Theincident PQ ray of light passes through
focus F on the concave mirror, after reflection
should become parallel to the principal axis, i.e.,
ray-2.

1

(b) As we know, when the ray goes from rarer
medium air to optically denser turpentine, then

10.

11.

it bends towards the normal i.e., 1 > r whereas
when it goes from optically denser medium
turpentine to rarer medium water, then it bends
away from normali.e.,i<r.

So, the path of ray 2 is correct.

d) As we know that, the image formed by
convex mirror does not depend on the relative
position of object w.r.t. mirror.

So, when the car approaches in the rear side,
initially it appear at rest as images is formed
at focus. Hence the speed of the image of
the car would appear to increase as the
distance between the cars decreases.

(@) When the negative refractive index materials
are those in which incident ray from air (Medium 1)
to them refract or bend differently to that of
positive refractive index medium.

Air

glass

&
K
|3

Multiple Choice Questions
(More Than One Option)

(a,b,¢)

When immersed object is seen from close to the
edge of the trough the object looks distorted
because the apparent depth of the points close
to the edge are nearer the surface of the water
compared to the points away from the edge.

The angle subtended by an object is larger than
the angle subtended by its image in water.

Some of the points of the object far away from
the edge may not be visible because of the
incidence angles for rays is more than critical
angle can cause total internal reflection.

(d) As we know that

) 1
sinc= "
n
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For u=1.6, the critical angle, sinc = %, we get

C = 38.7°, when viewed from AD, as long as
angle of incidence on AD of the ray emanating
from pin is greater than the critical angle , the
light suffers total internal reflection so object
cannot be seen through AD or cannot be
observed.

(a, d) Between the primary and secondary
rainbows, there is a dark band known as
Alexandar’s dark, this forms due to light scattered
into this region interfere destructively.

Since, primary and secondary rainbows
subtends an angle nearly 41° to 42° and 51° to
54° respectively at observer’s eye w.r.t. incident
light ray. Then, the scattered rays with respect
to the incident ray of the sun lies between
approximately 42° and 50°.

(a,b)

In magnifying glass the object to be viewed can
be brought closer to the eye than the normal
near point because the results in a larger angle
to be subtended by the object at the eye and so,
viewed is greater. Morever, the formation of a
virtual erect image enlarged and magnified image,
takes place.

(a, b, ¢) Asweknow that,

the magnifying power m is the ratio of the angle
[ subtended at the eye by the final image to the
angle o subtended by object.

B hf,

—0
o f h

(in normal adjustment)

_5
or m= fe

In this case, the length of the telescope tube is
fy+ 1,
So, L=f,+f A
As given that, f;=20m,
f.=0.02m
So, the length of the telescope tube is
L)=f,+£,=20+(0.02)
=20.02m

S’ :_’
0 m= -

€

m= 20/0.02
=1000
So, the final image formed is inverted and real.

Very Short Answer Questions

As we know that, the refractive index for red is
less than that for blue, parallel beams of light
incident on a lens will be bent more towards the
axis for blue light compared to red.

1
So, (w,> u,), so, (¥) will be large for blue light

and smaller for red coloured light.
Byusing lens maker's formula.

So, fy<f

Hence, the focal length will be larger for red
coloured light.

The least distance of distinct vision of an
average person,

(ie.,D)is25cm

In order to view an object with magnification 10.
As given that, v=D=25cm

and u=-f,

Now, the magnification (m) is

A%
me v
u
25 25
m:_:_
£ f
D 25 25
So, f=—=—=-—7=25=0.025m.
m m 10
H flens P— —— = 40D
ence, power or lens = 0.025

Using lens Maker’s formula,

1 11
Se(u-1] ———
Due to reversibility of the lens position of the
image will not change

Consider the layer /,. Let object is at its bottom
at P then distance (X, ) of image of P by liquid of
refractive index p, from layer /, and apparent
depth or X, with the medium p, is :

) ()
% 2Hy L ZM_MJ
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X;= 3
Hy
By,
or X, = 3,

(Since, apparent depth = real depth/refractive
index p)

Since, the image formed by Medium p, then X,
act as an object for Medium p,.

If seen from p,, the apparent depth is X,
Similarly, the image formed by Medium p, then
X, act as an objects Medium p.

h
Real depth = (g +X, j

Real depth
=y 3p,
Real depth
(Hz /“3)
Hy(h j
- —+X
So, 2=, (3 1

_Ks(h LY
3 w3

_E[L&j
3 o

When we seen from outside, the apparent height
is

L ]

E(L+L+LJ

So, %= 3w o K

This is the required apparent depth of dot placed.
As we know that, the relationship between

refractive index, prism angle A and angle of
minimum deviation is

[A +8 }
sin
L 2 ]
C 3]
sin| —
2
As given that,
8, =A
By putting the value of (3, ) in above expression,
_ sinA
= A
sin —
2sin A Cos—
or. = = 2cos A
) [ . )
sin—
2

For the given value of refractive index

A
2cos— =
5 =3
A
o, cos— = —— =cos 30°
2
So, A=60°

Hence, the angle of the prism is 60°.

Short Answer Questions

As we know that, the length of image is the
difference between the images formed by mirror
of the extremities of object.

As the object distance is u, consider the two
ends of the object, be at distance u, =
(u—L/2) and u, = (u+L/2) respectively so that
lu; —u,|=L

Consider the image of the two ends be formed at
v, and v,, respectively so that the image length
on principal axis would be

L'= v, =V, (1)
By using mirror formula, we get
I 1 1
— + —_—= =
u v f
_fu )
or, V=D .. (i)
. oo
0, L fJ ... (ii1)
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fu, ,
o fJ ... (1v)

To find the value of v, and v,, put the value of
u, and u, in (iii) and (iv) equations respectively.
By solving, the positions of two images are

and v —(

f(u-L/2)
iTu—f-L/2’
f(u+L/2)
V2T u—f+L/2’

For image length, substituting the value of v,
and v, in equation (i), we get,
L'=v,—v,)

L f’L
[L_«u_ﬂﬂiyg}

Since, the object is short and kept away from
focus, we get

L <<(u—1)or (L%4) << (u—f)?
Thus, neglecting the term (L?/4)

f2
/:—L
So, (u—f)

This is the required expression of length of image.
According to the given figure, AM is the
direction of incidence ray before liquid is filled.
After liquid is filled in, BM is the direction ofthe
incident ray. Refracted ray in both cases is same
as that along AM. MN is tangent at M, so
MN L AB

ie., ZN=90°

Consider the disc is separated by O at a distance
d as shown in figure given below,

a ) a M\Da/

d o
o /A

A R C R N

Now let us consider an angle at
(N)=90°,
OM=a
NB=a-R,

MB= 4/d* +(a-R)

From, above figure,
~~[E@}__Jtii__
T s d*+(a-R)’
AN=AB+BN =2R+a-R =(a+R)

AM= +/d’ +(a+R)

And, sinr = cos(90 — o)
_[éﬁ}_ a+R
AMI ¢ +(a+R)
Now by applying Snell’s law,
n sini
So, 1Ho= L= -
y, sinr

(u, for air= 1) & (p, for liquid)

1 sini
So, — =

pu osinr
By putting the values of sin i & sin r we get the
distance (d) is

(a’~b?)
d - M 2 2
\/(a+r) —ula-r)
This is the required expression.
As we know that, there is no effect on the focal

length of the lens if it is cut by plane parallel to
principal axis.

«—y—>
t|'>0.0 %vﬁ
TGN '
)

o

~—

\
\

\

\\//
When there was no cut, then the object would
has been at a height of 0.5 cm from the principal
axis 00
As given that, u=-50cm,

f=25cm
V=7

By using lens formula, we get

or,

1 1 1
_+___

-50 25 50
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) o \4 50
Mangnification is m = N =

-1 | | |

50 <—u—> |O<— u—->
So, the size of image is equal to the object, m is
negative so image is inverted. Therefore, the From (iif) N o .
image would have been formed at 50 cm from When, the position of object distance is
the pole and 0.5 cm below the principal axis. D D' —4Df
Hence, with respect to the X-axis passing U= —F+—
through the edge of the cut lens, the coordinates ' 2 2
of the image are (50 cm, —1 cm). The image forms at
The Principal of reversibility states that the P
. . . . D +/D”-4Df
position of object and image are interchangeable. V)= ——
Then, by the versibility ofu and v, as seen from o 2 2 o
the lens formula, Similarly, when the position of the object distance
is
111 _
[ 3
Fv u e (1) . D VD’-4Df
It shows that there are two positions for which ) 2 2
there shall be an image. The image forms at
Consider the first position be when the lensis at O. D D*—4Df
As given that, isT ot
2 2
—-u+v=D

The distance between the poles for these two

= u=—D-v) .. (i) positions of lens (d) = v, — v,
By putting the value of u in equation (i),
A d:{2+ D2—4DfM2_ D2—4Df}
% v v Tt 2 2 2 2
viD-v 1 So, d= \p?-4Df
or D-v)v f In first case :
v2—Dv+Df=0 D d
To find the coordinate of this equation then using Ifu,= [E + E} , then the image is at

x:[—bi\/zb;—TacJ VZ—P_E}

2 2
2
y= D VD" —4Df D d
2 2 N _— v, 2 2
By putting the value of v in equation (ii) then, So, the magnification m, = u, D . d
u= 2 2
2
oo ]
2 2 ™™ Did

[D D' _4D f] In second case :
u= | =422

So,
If [ul = D—d} , then the image is
... (iii) 2
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[D+d
Vit
The magnification (m, ) is
\4 (D+d)x2
m=|—|=>Tr5
lu, | 2x(D-d)
~ D+d
™~ b-d
- m; (D+d)2
n =
enee, m, D-d

According to the given figure, consider d be the
diameter of the disc. The spot shall be invisible
if the incident rays from the dot at O to the
surface at d/2 at the critical angle.
As we know that, the relationship between
refractive index and critical angle then,

1 L

sini, =—=—
i

So,L=1,K=pand A:\/pz—l

By using geometry and trigonometry, for
incidence angle,

Now, tan ic =| ==
d/2 .
or, % =tani, { tani, =—}
. 1
So, tani, =
w-1
d .
5 =htani,
-1
= h[ u? —1}
2h
SO, d= IJ,Z 1

This is the minimum diameter.

Long Answer Questions

Consider a portion of a ray between x and x + dx
inside a long vertical column of transparent
liquid and the angle of incidence at x be 0 and let
it enter the thin column at height y. Because of
the bending it shall emerge at (x + dx) with an
angle (0 + d0) and at a height (y + dy).

L%\)\c dy

0 +do

(180 — 0) l’} d
(y +dy)

From Snell’s law,
w(y)sin 6= p(y + dy) sin(6 + d6)

d
or, u(y) sin 0= (H(Y) +d—;ldyj

% (sin B cos dO+ cos Osin d6)

As dp, dO are very small
So, sin dO = dO

w(ysin 0) = p(y)sin®+ p(y)cosddd

+d—udysin6
dy

—d .
W(y)cosbdo = K dysin©
dy

do= —dn dytan
pdy
dx
From figure: tan=—
dy
By solving, we get,
“lde dx
pdy
Integration on both sides
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Consider two planes A and B at r and (r + dr)
distance from the center of massive object of
mass M and let the ray be incident at an angle 0
at the plane at r and leave r + dr at an angle
0+ de.

0 +dob

dr

W

r+dr

By Snell's law,
n(r)sin O = n(r +dr) sin (0 + dO)

n(r)sin = (n (r) +c;—ndrj x (sin Ocos dO
r
+ cos Osin dO)
. dn .
n(r) sinf = [n(r)+d—drj (sin® + cos0dO)
r

[+ d6 — 0 then cosdd =1 and (sin dO = dO)]
Ignoring the product of differentials

. . . dn
n(r) sind =n(r)sin® + rsin [a)
+n(r)cosO (ﬁj + (d_nj cos 0(d6)
dr dr

do
or, —d—ntane = n(r)—
dr dr

2GM}

[ given n(r) =1+
rc

2GM 2GM d9 dO
— tan® = | 1+
dr dr

rc
As the G is very small and c? is very large

2GM
So, - —> 0
rc

2G_Mtan 9 — @
r’c’ dr

intigrating both sides,
0,

'do =

0 c?

Now substitution for integrals, we get

2GM (= tanOdr .
[ an0dr

T

R
r?=x2+R? and tanf = —

X
8 2GM » | R 2GM = Rx
0 do = <’ ¢ J‘*wgdx
0, 2GM (= R xdx
0 de = CZ J.—oc X (XZ +R2)3/2
x= R tan ¢ (putting)
dx= Rsec? ¢pdo
o — 2GMR In/z Rsec” ¢dd
0 ¢ w2 RPsec’ ¢
2GM /2
SV db =
|, cos0do=
4GM
or, e0 = RCZ

As, the cylinder is made of material of refractive
index (—1) and is placed in air of (u=1), so, when
ray AB is incident at B to cylinder, 0, is negative
and 0', positive.

Now, 01=10,=19]

The total deviation of the outcoming ray from
the incoming ray is 40,. Rays shall not reach the
recieving plane if

T e<3_n
2

So, angles measured clockwise from the y-axis.
On dividing by 4 to all sides

b 3n
i — <0, <—
By solving, g S YUi=s7g
. X
Now, sin 0, = —
R
T csin X< 3
8 R 8
T X _3m
— < —< —
o 8§ "R 8
Hence, for light emitted from the source shall

not reach the receiving plane. If % <x< RT%



Chapter Ten

v s WAVE OPTICS

SUMMARY

3. The principle of superposition of waves applies whenever two or more
sources of light illuminate the same point. When we consider the
intensity of light due to these sources at the given point, there is an
interference term in addition to the sum of the individual intensities.
But this term is important only if it has a non-zero average, which
occurs only if the sources have the same frequency and a stable
phase difference.

4. Young's double slit of separation d gives equally spaced fringes of
angular separation 1/d. The source, mid-point of the slits, and central
bright fringe lie in a straight line. An extended source will destroy
the fringes if it subtends angle more than 1/d at the slits.

5. A single slit of width a gives a diffraction pattern with a central

maximum. The intensity falls to zero at angles of iaxi*, etc.,
with successively weaker secondary maxima in between. Diffraction
limits the angular resolution of a telescope to 1/D where D is the
diameter. Two stars closer than this give strongly overlapping images.
Similarly, a microscope objective subtending angle 2 at the focus,
in a medium of refractive index n, will just separate two objects spaced
at a distance 1/(2n sin B), which is the resolution limit of a
microscope. Diffraction determines the limitations of the concept of
light rays. A beam of width a travels a distance a®/4, called the Fresnel
distance, before it starts to spread out due to diffraction.

6. Naturallight, e.g., from the sun is unpolarised. This means the electric
vector takes all possible directions in the transverse plane, rapidly
and randomly, during a measurement. A polaroid transmits only one
component (parallel to a special axis). The resulting light is called
linearly polarised or plane polarised. When this kind of light is viewed
through a second polaroid whose axis turns through 2z, two maxima
and minima of intensity are seen. Polarised light can also be produced
by reflection at a special angle (called the Brewster angle) and by
scattering through n/2 in the earth’s atmosphere.

POINTS TO PONDER

1. Waves from a point source spread out in all directions, while light was
seen to travel along narrow rays. It required the insight and experiment
of Huygens, Young and Fresnel to understand how a wave theory could
explain all aspects of the behaviour of light.

2. The crucial new feature of waves is interference of amplitudes from different
sources which can be both constructive and destructive, as shown in
Young's experiment.

3. Even a wave falling on single slit should be regarded as a large number of
sources which interefere constructively in the forward direction (0 = 0),
and destructively in other directions.

4. Diffraction phenomena define the limits of ray optics. The limit of the
ability of microscopes and telescopes to distinguish very close objects is
set by the wavelength of light.

5. Most interference and diffraction effects exist even for longitudinal waves
like sound in air. But polarisation phenomena are special to transverse
waves like light waves.
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EXERCISES

Monochromatic light of wavelength 589 nm is incident from air on a
water surface. What are the wavelength, frequency and speed of
(a) reflected, and (b) refracted light? Refractive index of water is
1.33.

What is the shape of the wavefront in each of the following cases:
(a) Light diverging from a point source.

(b) Light emerging out of a convex lens when a point source is placed
at its focus.

(c) The portion of the wavefront of light from a distant star intercepted
by the Earth.

(a) The refractive index of glass is 1.5. What is the speed of light in
glass? (Speed of light in vacuum is 3.0 x 10°m s

(b) Is the speed of light in glass independent of the colour of light? If
not, which of the two colours red and violet travels slower in a
glass prism?

In a Young’'s double-slit experiment, the slits are separated by

0.28 mm and the screen is placed 1.4 m away. The distance between

the central bright fringe and the fourth bright fringe is measured

to be 1.2 cm. Determine the wavelength of light used in the
experiment.

In Young’'s double-slit experiment using monochromatic light of
wavelength A, the intensity of light at a point on the screen where
path difference is 4, is K units. What is the intensity of light at a
point where path difference is 1/3?

A beam of light consisting of two wavelengths, 650 nm and 520 nm,
is used to obtain interference fringes in a Young's double-slit
experiment.

(a) Find the distance of the third bright fringe on the screen from
the central maximum for wavelength 650 nm.

(b) What is the least distance from the central maximum where the
bright fringes due to both the wavelengths coincide?

In a double-slit experiment the angular width of a fringe is found to
be 0.2° on a screen placed 1 m away. The wavelength of light used is
600 nm. What will be the angular width of the fringe if the entire
experimental apparatus is immersed in water? Take refractive index
of water to be 4/3.

What is the Brewster angle for air to glass transition? (Refractive
index of glass = 1.5.)

Light of wavelength 5000 A falls on a plane reflecting surface. What
are the wavelength and frequency of the reflected light? For what
angle of incidence is the reflected ray normal to the incident ray?

Estimate the distance for which ray optics is good approximation
for an aperture of 4 mm and wavelength 400 nm.
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ADDITIONAL EXERCISES

The 6563 A Ha line emitted by hydrogen in a star is found to be red-
shifted by 15 A. Estimate the speed with which the star is receding
from the Earth.

Explain how Corpuscular theory predicts the speed of light in a
medium, say, water, to be greater than the speed of light in vacuum.
Is the prediction confirmed by experimental determination of the
speed of light in water? If not, which alternative picture of light is
consistent with experiment?

You have learnt in the text how Huygens’ principle leads to the laws
of reflection and refraction. Use the same principle to deduce directly
that a point object placed in front of a plane mirror produces a
virtual image whose distance from the mirror is equal to the object
distance from the mirror.

Let us list some of the factors, which could possibly influence the
speed of wave propagation:

(i) nature of the source.

(ii) direction of propagation.

(iii) motion of the source and/or observer.

(iv) wavelength.

(v) intensity of the wave.

On which of these factors, if any, does

(a) the speed of light in vacuum,

(b) the speed of light in a medium (say, glass or water),

depend?

For sound waves, the Doppler formula for frequency shift differs
slightly between the two situations: (i) source at rest; observer
moving, and (ii) source moving; observer at rest. The exact Doppler
formulas for the case of light waves in vacuum are, however, strictly
identical for these situations. Explain why this should be so. Would

you expect the formulas to be strictly identical for the two situations

in case of light travelling in a medium?

In double-slit experiment using light of wavelength 600 nm, the

angular width of a fringe formed on a distant screen is 0.1°. What is

the spacing between the two slits?

Answer the following questions:

(a) In a single slit diffraction experiment, the width of the slit is
made double the original width. How does this affect the size
and intensity of the central diffraction band?

(b) In what way is diffraction from each slit related to the
interference pattern in a double-slit experiment?

(c) When a tiny circular obstacle is placed in the path of light from
a distant source, a bright spot is seen at the centre of the shadow
of the obstacle. Explain why?

(d) Two students are separated by a 7 m partition wall in a room
10 m high. If both light and sound waves can bend around
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obstacles, how is it that the students are unable to see each
other even though they can converse easily.

(e) Ray optics is based on the assumption that light travels in a
straight line. Diffraction effects (observed when light propagates
through small apertures/slits or around small obstacles)
disprove this assumption. Yet the ray optics assumption is so
commonly used in understanding location and several other
properties of images in optical instruments. What is the
justification?

Two towers on top of two hills are 40 km apart. The line joining
them passes 50 m above a hill halfway between the towers. What is
the longest wavelength of radio waves, which can be sent between
the towers without appreciable diffraction effects?

A parallel beam of light of wavelength 500 nm falls on a narrow slit
and the resulting diffraction pattern is observed on a screen 1 m
away. It is observed that the first minimum is at a distance of 2.5
mm from the centre of the screen. Find the width of the slit.
Answer the following questions:

(a) When a low flying aircraft passes overhead, we sometimes notice
a slight shaking of the picture on our TV screen. Suggest a
possible explanation.As you have learnt in the text, the
principle of linear superposition of wave displacement is
basic to understanding intensity distributions in diffraction
and interference patterns. What is the justification of this
principle?

In deriving the single slit diffraction pattern, it was stated that the
intensity is zero at angles of ni/a. Justify this by suitably dividing
the slit to bring out the cancellation.
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Chapter 10:- Wave Optics

Multiple Choice Questions (MCQs)

Consider a light beam incident from air to a glass

slab at Brewster’s angle as shown in figure.

A polaroid is placed in the path of the emergent
ray at point P and rotated about an axis passing
through the centre and perpendicular to the

plane of the polaroid.

I .
: //
N p
\\P

(a) For a particular orientation, there shall be
darkness as observed through the polaroid
(b) The intensity of light as seen through the
polaroid shall be independent of the rotation
(c) The intensity of light as seen through the
polaroid shall go through a minimum but not

zero for two orientations of the polaroid

(d) The intensity of light as seen through the
polaroid shall go through a minimum for four

orientations of the polaroid

Consider sunlight incident on a slit of width 10* A.

The image seen through the slit shall

(a) be a fine sharp slit white in colour at the

centre

(b) a bright slit white at the centre diffusing to

zero intensities at the edges

(c) abright slit white at the centre diffusing to

regions of different colours
(d) only be a diffused slit white in colour

Consider a ray of light incident from air onto a
slab of glass (refractive index n) of width d, atan
angle 0. The phase difference between the ray
reflected bv the top surface of the glass and the

bottom surface is

2
(a) 2%d[l—isinzej +7
n

2

/2
4nd 1.2)‘
b) —|1-—sin" 0
®) 7»( n’

N3

12
4nd 1 .
(C) T(l—n—zsmz 6) +

/2
dnd( 1 50
d —(1 ——sin 6) +2n
@ — 1=
In a Young’s double-slit experiment, the source
is white light. One of the holes is covered by a
red filter and another by a blue filter. In this case,

(a) there shall be alternate interference patterns
of red and blue

(b) there shall be an interference pattern for red
distinct from that for blue

(c) there shall be no interference fringes

(d) there shall be an interference pattern for red
mixing with one for blue

Figure shows a standard two slit arrangement

witnslits S, S,, P,, P, are the two minima points

on either side of P (figure).

‘ <—Screen
S
| ! oP,
S N
PR
I~
|S:3§
N
S, P, IS4SSGC0nd
IR screen

At P, on the screen, there is a hole and behind

P, is a second 2-slitarrangement with slits S;, S,

and a second screen behind them.

(a) There would be no interference pattern on
the second screen but it would be lighted

(b) The second screen would be totally dark

(c) There would be a single bright point on the
second screen

(d) There would be a regular two slit pattern on
the second screen
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Multiple Choice Questions (MCQs)
(More Than One Option Correct)

Two sources S and S, of intensity I, and I, are
placed in front of a screen [Fig. (a)]. The pattern
of intensity distribution seen in the central
portion is given by Fig. (b).

Al

|

I

i

|

I

|

I

I
(b

) x
In this case, which of the following statements
are true?

(@) S, and S, have the same intensities

(b) S, and S, have a constant phase difference
(c) S, and S, have the same phase

(d) S, and S, have the same wavelength
Consider sunlight incident on a pinhole of width

103 A. The image of the pinhole seen on a screen

shall be

(a) asharp whitering

(b) different from a geometrical image

(c) adiffused central spot, white in colour

(d) diffused coloured region around a sharp
central white spot

Consider the diffraction pattern for a small

pinhole. As the size of the hole is increased

(a) the size decreases

(b) the intensity increases

(c) the size increases

(d) the intensity decreases

For light diverging from a point source,

(a) the wavefront is spherical

(b) the intensity decreases in proportion to the
distance squared

(c) the wavefront is parabolic

(d) the intensity at the wavefront does not
depend on the distance

Very Short Answer Questions

Is Huygen's principle valid for longitudinal
sound waves?

L2

Consider a point at the focal point of a
convergent lens. Another convergent lens of
short focal length is placed on the other side.
What is the nature of the wavefronts emerging
from the final image?

What is the shape of the wavefront on earth for
sunlight?

Why is the diffraction of sound waves more
evident in daily experience than that of light
wave?

The human eye has an approximate angular
resolution of ¢ = 5.8 x 10~* rad and a typical
photoprinter prints a minimum of 300 dpi (dots
per inch, 1 inch = 2.54 cm). At what minimal
distance z should a printed page be held so that
one does not see the individual dots.

A polaroid (I) is placed infront of a monochromatic
source. Another polariod (II) is placed in front
of this polaroid (I) and rotated till no light passes.
A third polaroid (IIT) is now placed in between
(I) and (II). In this case, will light emerge from

(II). Explain.
Short Answer Questions

Can reflection result in plane polarised light if
the light is incident on the interface from the
side with higher refractive index?

For the same objective, find the ratio of the least
separation between two points to be
distinguished by a microscope for light of
5000 A and electrons accelerated through 100 V
used as the illuminating substance.

Consider a two slit interference arrangements
(figure) such that the distance of the screen from
the slits is half the distance between the slits.
Obtain the value of D in terms of A such that the
first minima on the screen falls at a distance D
from the centre O.

Source

>| Screen
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Long Answer Questions

Figure shown a two slit arrangement with a
source which emits unpolarised light. P is a
polariser with axis whose direction is not given.
If I, is the intensity of the principal maxima when
no polariser is present, calculate in the present
case, the intensity of the principal maxima as
well as of the first minima.

s,
/” P1
A =23
© ’
[€—Screen

AC=CO=D,S8,C=5,C=d<<D
A small transparent slab containing material of
p=1.5is placed along AS, (figure). What will be
the distance from O of the principal maxima and
of the first minima on either side of the principal
maxima obtained in the absence of the glass slab?

Four identical monochromatic sources A, B, C,
D as shown in the (figure) produce waves of the
same wavelength A and are coherent. Two
receiver R, and R, are at great but equal distances
from B.

(1) Which of the two receivers picks up the
larger signal?
(i) Which of the two receivers picks up the

larger signal when B is turned off?

(ii)) Which of the two receivers picks up the
larger signal when D is turned off?

(iv) Which of the two receivers can distinguish
which of the sources B or D has been turned
off?

"
. A2 A2
R, A B C
A2
D
RB=d=R,B

AB=BC=BD=)/2
The optical properties of a medium are governed
by the relative permittivity (¢,) and relative
permeability (p,). The refractive index is defined

as y/u,€, = u. For ordinary material, & >0 and

u,.> 0 and the positive sign is taken for the square
root.

In 1964, a Russian scientist V. Veselago
postulated the existence of material with &, <0
and p <0. Since, then such metamaterials have
been produced in the laboratories and their
optical properties studied. For such materials

p=—y/l,g, . As light enters a medium of such

refractive index the phases travel away from the

direction of propagation.

(1) According to the description above show
that ifrays of light enter such a medium from
air (refractive index = 1) at an angle 6 in 2nd
quadrant, then the refracted beam is in the
3rd quadrant.

(@ii) Prove that Snell’s law holds for such a
medium.

To ensure almost 100% transmittivity,

photographic lenses are often coated with a thin

layer of dielectric material. The refractive index
of this material is intermediated between that of
air and glass (which makes the optical element
of the lens). A typically used dielectric film is

MgF, (n = 1.38). What should the thickness of

the film be so that at the centre of the visible

spectrum (5500A) there is maximum
transmission.
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Multiple Choice Questions (MCQs) sin0
1. (c) Let us consider the diagram shown below From Snell's law, n= sinr
the light beam incident from air to the glass .
slab at Brewster’s angle (i ). The angle sinr— sin 6
between reflected ray BE and BC is 90°. n
Then only reflected ray is plane polarised As we know that,

represented by arrows.

1

a2
. cosr=+/1-sin"r
As the emergent and incident ray are ’

unpolarised, so, polaroid rotated in the way
of CD then the intensity cannot be zero but So, COST =
varies in one complete rotation.

so by putting sin r value in that relation.

1

2
l-sin“r

N sin’ 0
Polarised cost=4/1-

i
A : k{’E n
o} SO
\Q‘EES‘ N
B 90° P i .
Ir 01
|

()

c ot IT
I M\r r P d
N J
Polaroid D )
(P) P
2. (@) As given that the width of the slit
=10*A=10000 A : A= 1
= 1010 0m=10%m=1 ym C(l_sinz ej”z
Wavelength of visible sunlight varies from 4000 n’
At0 8000 A. "
Thus the width of slitis 10000 A comparable to _ n—d(l _ sin’ 9)
that of wavelength visible light i.e., 8000 A. So c n’
diffraction occurs with maxima at centre. Hence
at the centre all colours appear i.e., mixing of Phase difference = Ad= EX At
colours form white patch at the centre. ‘

3. (@ Let,usconsider the diagram, the ray (P) is PR
incident at an angle 6 and gets reflected in the _ 2nd (1 _sm 9)
direction P' and refracted in the direction P' l VA n’
through O'. Due to reflection from the glass \%
medium there is a phase change of m. The time 0
difference between two refracted ray OP' and _ 2nd 1 sin” @ o
O'P" is equal to the time taken by ray to travel Ap= Al n?
along OO'.

Hence the net phase difference = A¢p+n
00’ d/cosr  nd

md(, 1, )"
Vg C/Il cCcoSsr :T(I—FSIHZ O) + T

At=
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(c) For sustained interference pattern to be

formed on the screen, the sources must be
coherent and emits lights of same frequency
and wavelength.
In a Young’s double-slit experiment, when
one of the holes is covered by a red filter
and another by a blue filter. In this case due
to filteration only red and blue lights are
present which has different frequency. In
this monochromatic light is used for the
formation of fringes on the screen. So, in
that case there shall be no interference
fringes.

(d) Consider the given figure there is a hole at
point P,. By Huygen’s principle, wave will
propagates from the sources S, and S,. Each
point on the screen will acts as sources of
secondary wavelets.

Wavefront starting from P, reaches at S, and
S, which will again act as two monochromatic
or coherent sources.

Hence, there will be always a regular two slit
pattern on the second screen.

Multiple Choice Questions
(More Than One Options)

(a,b,d)

Consider the pattern of the intensity shown in

the figure

(i) As the intensities of dark fringe is zero,
hence we can say that two sources S, and
S, are having same intensities.

(i) As width of the successive maxima and
minima are symmetric, so the wave from S,
and S, are have same or constant phase
difference, so, maxima (puises) increases in
continuous manner, we can say that the path
difference (x) or phase difference varies in
continuous manner.

(ii)) As we are using monochromatic light in
Young's double slit experiment to avoid
overlapping and we have very clear pattern
on the screen.

(b, d) As given that,

The width of pinhole =103 A=1000 A

As we know that,

Wavelength of visible light in sunlight ranges

varies from 4000 A to 8000 A

So, clearly, wavelength A <width of the slit

So, light from pinhole will diffracted from the

hole. Due to diffraction pattern from the slight

or fringes the image formed on the screen will be

different from the geometrical image.

(a,b) Weknow that width (B)) of central maxima

Po = %

where D is the distance between slit and screen

A is the wave length of source does not change.

(@) When increases the width of the hole 'd'
increase so, size decrease.

(b) When, size of hole is decrease, then the light
energy is distributed over a small area and

1
intensity «—— as area is decreasing so
area

intensity increases.

(a,b)
Let us consider the diagram in which light
diverges from a point source (O).

-

5

e

P

...... Spherical

Due to the light from point source propagates in
all around the source with same speed hence,
wavefront will be spherical surface of wavefront.
If power of the source is P, then intensity of the
source will be

P
1= 4nr’
where, 1 is radius of the spherical wavefront at
any time
So, the intensity (I) always decrease as reciprocal
of square of distance.

Very Short Answer Questions

Considering a point source of sound wave and
rarefactions forward in all direction with same
velocity. So, the logitudinal waves due to the
source propagates in spherical symmetry that is
in all direction. The formation of wavefront is in
accordance with Huygen's principle.
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AN Wavefront

On a surface of sphere there will be either
compression or rarefaction and that part can also
behave like a source of sound but with low
intensity.

Hence, Huygen's principle is valid for
longitudinal sound waves also.

Let us consider the figure shown below

Wavefront
el spherical)

L]

Due to the converging lense L, is at the focal
point the point image formed I, and due to the
converging lense L,, the final image formed is
which is point image, so it behave like a point
source of rays hence the wavefront for this
image will be spherical symmetry.

As we know that, the sun is very far from the
earth. Considering sun as spherical, it can be
considered as point source situated at infinity.

Due to the very large distance the radius of
wavefront can be considered as large infinity
and so, wavefront is plane.

—>
—>
>
—>
—>
—>
—>
—>
—>
—>
g —>
Spherical —> | Earth
wavefront
Plane
wavefront
We know that

The frequencies of sound waves lie between
20 Hz to 20 kHz so its corresponding wavelength
ranges varies between 15 m to 15 mm

respectively. The diffraction occur if the
wavelength of waves is nearly equal to slit width.
But, the wavelength of visible light waves varies
fromis7000 x 10719 m to 4000 x 10~19 m which is
very small and the slit width is very near to the
wavelength of sound waves as compared to light
waves. Hence, the diffraction of sound waves is
more evident in daily life than that of light waves.

As given that, the angular resolution of human
eye,

¢ = 5.8x 10 *radian.
Photo printer prints = 300 dots per inch

So, the average linear distance between any two
dots is
2.54

_ ——Cm
~ 300

=0.85x 102 cm.
Now, at a distance of z cm, subtend angle,

~1(Arc)
~ z(radian)

~ 0.85x107
zZ

So, maximum distance up to which human eye
cannot see 2 dots distinctly.

/

¢

- 0.85x10%cm
~ 58x107
=145cm

Which is less than distance of distinct vision so
a normal person can not see the dots.

7=

When a monochromatic light is placed infront
of polaroid (I) as shown in diagram

¥ [

(Unpolarised light) Polaroid |  Polaroid Il

Monochromatic
source

According to question, monochromatic light
emerging from polaroid (I) is plane polarised.
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When polaroid (II) is placed infront of this
polaroid (I), and rotated till no light passes
through polaroid (ii), then (i) and (ii) are set in
crossed positions, i.e., pass axes of [ and II are
at90°.

m /
I i 11

Polaroid | Polaroid 11

Monochromatic
source

From the above figure, where a third polaroid
(I1T) is placed between polaroid (I) and polaroid I1.
When a third polaroid (III) is placed in between
(D) and (IT), no light will emerge from (II), if pass
axis of (III) is parallel to pass axis of (I) or
(IT) (when 6 = 0°). In all other cases, light will
emerge from (I). as pass axis of (II) will no longer
be at 90° to the pass axis of (IIT).

Short Answer Questions

When a ray of light passes from a medium (air)
of refractive index p, to another medium of
refractive index p, less then the p; with angle of
incidence is equal to Brewster's angle, the
transmitted light is unpolarised and reflected
light is plane polarised.

Plane
polarised
A D

K

K2
Unpolarised

C

jos)

Consider the diagram in which unpolarised light
is represented by dot and plane polarised light
is represented by arrows.

Polarisation by reflection occurs when the angle
of incidence is the Brewster's angle

. [
So, tan iy = IMZ ==
My
where, <1y
So, when the light rays travels in such a medium,
the critical angle is

R 3
sini.=
oy
Where, By < i,

Asl|tanig|> [sini | for large angle i <i.
Hence, the polarisation by reflection occurs

definitely.
As we know that,
The resolving power of microscope is
1 2sinf
()= =20k
d 1.22%

Where, A is the wavelength of light and 3 is the
angle subtended by the objective at the object.

1 2sinf3
So, =
4 1220
1.22%
= din = 2sinf
As we know,
For the light of wavelength 5500 A
A=15000%10"19m
1.22x5000x107"° .
So, = (l)

min 2sinf
For electrons accelerated through 100 V, the
de-Broglie wavelength (1) of illuminated light is

N 12.2 om 12.2 nm— .12% 100

= — = = x 10~
NN ' "
The limit of resolution by 100 V lightd'

1

1222,
min ) sin B

0 1.22x0.12x10”
min 2sinf
The required ratio of the least separation

S dhn  1.22x0.12x107"°
© o 1.22%5000%10 "
i 0.12x107
dpn  5000x107"
—02x1073
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3. As the given figure of two slit interference A=A parallel (A”) + Aperpendicular (A )
arrangements, we can write A=A Ll + A”l
T,P=T,0+OP=D+x and A=A+ AL
(. OP=x) Without P,
and T,P=T,0-OP=D-x So, A=A +A?
SP= (ST +(PT ) = A sin(kx - ot) + A sin(kx — ot +¢)
A= AP+ AP
- lDz +(D—x) A(ﬁ = AD|[[sin(kx — t) + sin(kx — ot + ¢)]
where A, Aﬁ) are the amplitudes of either of the
and S,P= (ST, )2 n (TZP)Z beam in perpendicular and parallel polarisations.

Consider when their is no polaroid then net

=D’ +(D+x) amplitude

So, path difference = (S,P—S,P)
The minima will occur when

A=A+ A
Intensity = {|A?]+ |Aﬁ|} [sin?(kx — ot)
(1+ cos? ¢+ 2 sin ¢) + sin? (kx — wt)sinZd)]

A 1
SzP—SlP—(Zn—l)E - {|AE|2+|Aﬂ‘2} (5)2(1+ cosd))

by =2|A? (1 +cos ¢), since, [A %], = |A”0|aV
For first minima P = E atn=1

With P
Consider A Lz is blocked or zero,
So, (D +(D+ x)z]l/2 [p*+(D-x) ]1/2 :% So, Intensity =[A *]* + [A ]
If (x=D) then, [ A% =(al+Al)=AL A =(A]+A])=A)]

| A So, Intensity = (AH1 + A”2)2 +(A N
We can write [D? +4D?]12 —[D? + 0] = — 0p2 op. 1
2 =1A " (1+COS¢)+|AL|5

A
[5D2]1/2 _ [D2]1/2 — 1 3
2 AJP 1+ cos g+ 1=1A, P [ +cos ]

A
\/gD_D_E —|A?|2X|:§:|
2
A .
D(\5-1) = 5 [ cosp =1 for maxima]
As given that, I, = 4|A | °? = Intensity without
by (ﬁ + 1) 3236 polariser at principal maxima.
or D= x ==
2(V5-1) (V5+1)  2x4 So, | AY 2= (1y/4)
Intensity at principal maxima with polariser
3.236
D= Tl =0.404.
= |A¢0|2 (5) :glo
Long Answer Questions . o _ .
1. Letthe amplitude of ray 1 and 2 are A| and A, Intensityat first minima with polariser
respectively and resultant amplitude is A, so R | Al |2 I
resultant amplitude is : :| Al | (1-D+—==2

8
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When, ray pass through a transparent glass slab

of thickness L of refractive index p so the path

difference caused by slab is (u — 1)L and path

difference caused by YDSE is 2dsinA. then the

total path difference will be calculated as
Ax=2dsin O+ (u—1)L.

In case of transparent glass slabe of refractive

index p,

the path difference=2d sin6+(u—1)L

For the principal maxima, (path difference is zero),

So, Ax=0

2d sinf,+(u—-1)L=0

L(p-1) _-L(0.5)

sin0,=—

2d 2d
_7Lx03 {-.-L:g;dzu}
2x4L 4
—
sin@, = T
For central maxima

OP=Dtan 60 ~D sineo = g

For small £6, sinf, =0, and tan 6, =0,
And for the first minima, the path difference

'i&
is+ 2

A
So, 2dsin 0, +(u-1)= iE

(- for both upper and lower side from 0)
) A
. 2dsin 0, +0.5L = iE

A Ao d

ERATIN () P d
or sin® = =2 8 |wL=—
2d 2d 4
A
+-_ -
N L
"y 4 16

So, the diffraction occurs if the wavelength of
waves is nearly equal to the side width (d)
1 3

On the positive side sin 0', "= +Z—E = 16

11 5
On the negative side sin 0", "= =~ -

416 16
The first principal maxima on the positive side is
at distance
sin@/” 3
Dtan6',"=D ——=1D
\/l—sm 0/ Ji62 -3

3D
= above point O
\247 P

The distance of first principal minima on the
negative side is

-5D
' Dsin0;” 16
Dtan ', = ——= -
J1-sin 0] \/16 5
16
-5D

-5D
=—— below point O.
162 -5 231 pomt©
The resultant disturbance at a point will be
calculated by some of disturbances due to
individual sources.
Consider all the disturbances at the receiver R
which is at a distance d from B.
Let the wave at R, has zero path difference from
source A, Y , =a cos ot.
The path difference of the signal from A with
that from Bis A/2 and so, the phase difference is 7.
Then, the wave at R because of B is

Yp = a cos(ot — 1) =—a cos t.
The path difference of the signal from C with
that from A is A and hence the phase difference
is 2m.
So, the wave at R, because of C is

Y, = acos (ot-2m)

=a cos ot

AR

/ d

/
e—)./2—> W2

o & o< >e
R B C
~ \\g L

S W2

\\
PN
v o ~
a2+ [ A “eD
2
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Path difference between the signal from D with
that of Ais=R, D- AR,

8d’
2
Neglecting the term FYER So path difference
=d+0-d+ x = L
2 2

A
Therefore, phase difference is . i.e., 5 =7

Yp=a cos (wt — 1) = —a cos ot
So, the signal picked up at R, from all the four
sources is

Yo, =y, +¥5 +Ye T ¥p
=acos ot —acos ot +acos ot —acos ot =0
(Y, =0,501R;=0)
So, net signal =0
(i) Consider the signal picked up at R, from B
be y = a, cos ot.

The path difference between signal at D and
that at B is

D— ﬁor T
2

The signal picked up by R, from

D= cos(cot - n)
Yp = —a cos ot
The path difference between signal at A and D
atR,is= AR,-R,B

o (T oo 5

w
- 8d’
As d >>, so this path difference is tends to 0

. 21
Phase difference = TAX

By putting the value of Ax, so

2n( 1 A2 27\
phase difference = Tn( ]= AN ¢

8d’ 8d
So, signal received by R, from A & Care :
Hence, Y,= a, cos (wt—¢)
Similarly, Y= a, cos (ot - )

Signal picked up by R, from A, B, C
and D.

Yo, =VaA+ Yt Yt ¥
Yy, =2a, cos (ot—¢)

ly?=4a,? cos? (ot — ¢)
<I>=2a?
wI=A?
Hence, R, picks up the larger signal then R,.
@) IfBis switched off
Signal picked by
R =Y, +Y-+Y,
=a cos mt + a cos ot —a cos ot
R, picksup Yr, =a cos ot

1
(IRI) - Eaz
when signal picked by (R,)) =Y, + Y +Y
=acos (ot — ) +acos (ot — h) —a cos wt
R, picks up, y = a cos wt

(Ikz) =a’ <cos’ ot > =§

So, (1) = ()

Hence R, and R, pick up the same signal at
same intensity.
(i) IfD is switched off
Signal picked up by reciver R,
Ri=Y,+Y.+Y,
=—acos ot +a cos ot +a cos ot
R, picks up Yg, =a cos ot

(1) =5
signal picked up by receiver R,
R,=Y, +Yy+Y,
a cos (ot —¢) + a cos wt + a cos(mt — ¢)
= 2acos(ot—¢)+acos ot

2mh _
. ¢

is very small so neglected it.
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R, picks up R,=2a cos ot +a cos ot

y =3a cos ot

2
(IRZ ) =922 < cos? ot >= 9%

(te,) < (k)

So, R, picks up larger signal compared toR,.

(iv) A signal at R indicates B has been switched
off and A signal at R, indicates D has been
switched off.

If let, the given postulate —/p.e =p and

+y/,€, =p are true, then two parallel rays

would proceed as shown in the figure below

| 1
0, | 0, |
Air | _~"BN\lc Ar
1
1

er 1 .
1 Medium

(—1)

C Air
} D Medium
I |
E N\

(i)

(i) Let two parallel rays at incidence angle 0,
from air would proceed in medium shown in
figure so, AB represent the incident
wavefront and DE represent the refracted
wavefront.

All points on a wavefront must be in same
phase and in turn, must have the same
optical path length.

So, —/e.u, AE =BC—/e.n CD

or BC= \e.n, (CD-AE)
BC>0,CD>AE

This showing that the postulate is
reasonable. [f however, the light proceeded
in the sense it does for ordinaiy material
refracted rays are in the fourth quadrant,
shown in figure second :

Then, —/e.u, AE =BC — /e u, CD

or BC= /e, (CD-AE)

If BC>0,then CD>AE

which is obvious from Fig (i).

Hence, the postulate reasonable.

However, if the light proceeded in the sense it
does for ordinary material, (going from 2nd
quadrant to 4th quadrant) as shown in Fig. (i).,
then proceeding as above,

—&M,AE =BC — /e u, CD

or BC= \fe.u, (CD-AE)
As figure shows, AE > CD So, BC <0 this is not
possible. Hence, the given postulate is correct.
(i) According tothe Fig. (i)

BC= ACsin 0;
So, CD-AE=ACsin 6,

BC= e, [~ CD-AE=BC]
then, AC sin6,= /&, ACsin 0,

sin 6,

or : = /€ =n
sin 6, e

Which proves Snell’s law.
In the figure below shown a dielectric film of
thickness d deposited on a glass lens.

Al C y Air
Ir
Film,n=1.38 ! d

Glass,n=1.5 D
As given that, the refractive index of film =1.38
and retractive index of glass = 1.5.

and, A= 5500A.

Let aray incident at an angle i. A part of this ray
isreflected from the air-film interface and a part
refracted inside.
That is partly reflected at the film-glass interface
and a part transmitted A part of the reflected ray
is reflected at the film-air interface and a part
transmitted as r, parallel tor,.
So, the amplitude of wave during refraction and
reflection decreases.
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So, rays r, and r, shall dominate the behaviour.
Ifincident light is to be transmitted through the
lens, r; and r, should interfere destructively.

Both the reflections at A and D are from tower to
higher refractive index and so, there is no phase
change on reflection. Then the optical path
difference betweenr, and r  is

n(AD+CD)- AB ..()
If d is the thickness of the film, then

d
AD=CD= ——
coSr

AB=ACsin1i

AC

- =dtanr
s AC=2dtanr
So, AB=2dtanr sin i.
or, AB=2dtanr (sin i)
Thus, the optical path difference form (i)
= n(AD+CD)-AB=2n(AD)-AB

(-- AD=CD)
2nd

= —2dtanrsini
cosr

sinid sinr . .
=2-— -2d sini
Sinrcosr cosT

2dsini[ 1 s _sin?
_ s1n1{ . _smr}_ 2dsini[1 sin r}
sinr 1

coST sinrcosr
2dsinicos’ r . sini
=—— =2ndcosr SN=——
sinrcosr sinr

For two rays to interfere destructively path

) A
difference= —

2
A
So, 2ndcosr= —
2
feorr= -
ndcorr= 7 ()

For photographic lenses, the sources are
normally in vertical plane, i.e., rays incident at
very small angle so,

i=r=0°
From Eq. (1),
A
nd cos 0° = 7 (-r cos0°=1)

d= Ll =1.38
4n (- n=138)

a= 35004 1 000A
x1.38




Chapter Eleven

DUAL NATURE OF

RADIATION AND —
MATTER

SUMMARY

The minimum energy needed by an electron to come out from a metal
surface is called the work function of the metal. Energy (greater than
the work function (¢) required for electron emission from the metal
surface can be supplied by suitably heating or applying strong electric
field or irradiating it by light of suitable frequency.

Photoelectric effect is the phenomenon of emission of electrons by metals
when illuminated by light of suitable frequency. Certain metals respond
to ultraviolet light while others are sensitive even to the visible light.
Photoelectric effect involves conversion of light energy into electrical
energy. It follows the law of conservation of energy. The photoelectric
emission is an instantaneous process and possesses certain special
features.

Photoelectric current depends on (i) the intensity of incident light, (ii)
the potential difference applied between the two electrodes, and (iii)
the nature of the emitter material.

The stopping potential (V) depends on (i) the frequency of incident
light, and (ii) the nature of the emitter material. For a given frequency
of incident light, it is independent of its intensity. The stopping potential
is directly related to the maximum kinetic energy of electrons emitted:
eV, =(1/2) mv? =K_.

Below a certain frequency (threshold frequency) v, characteristic of
the metal, no photoelectric emission takes place, no matter how large
the intensity may be.

The classical wave theory could not explain the main features of
photoelectric effect. Its picture of continuous absorption of energy from
radiation could not explain the independence of K _on intensity, the
existence of v and the instantaneous nature of the process. Einstein
explained these features on the basis of photon picture of light.
According to this, light is composed of discrete packets of energy called
quanta or photons. Each photon carries an energy E (= hv) and
momentum p (= h/}), which depend on the frequency (v) of incident
light and not on its intensity. Photoelectric emission from the metal
surface occurs due to absorption of a photon by an electron.

Einstein’s photoelectric equation is in accordance with the energy
conservation law as applied to the photon absorption by an electron in
the metal. The maximum kinetic energy (1/2)m v? _is equal to

the photon energy (hv) minus the work function ¢, (= hv)) of the
target metal:

%mv?mx: V,e=hv-¢=h(v-v,)

This photoelectric equation explains all the features of the photoelectric
effect. Millikan’s first precise measurements confirmed the Einstein’s
photoelectric equation and obtained an accurate value of Planck’s
constant h. This led to the acceptance of particle or photon description
(nature) of electromagnetic radiation, introduced by Einstein.

Radiation has dual nature: wave and particle. The nature of experiment
determines whether a wave or particle description is best suited for
understanding the experimental result. Reasoning that radiation and
matter should be symmetrical in nature, Louis Victor de Broglie 405
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406

attributed a wave-like character to matter (material particles). The waves
associated with the moving material particles are called matter waves
or de Broglie waves.

. The de Broglie wavelength (1) associated with a moving particle is related

to its momentum p as: A= h/p. The dualism of matter is inherent in the
de Broglie relation which contains a wave concept (1) and a particle concept
(p). The de Broglie wavelength is independent of the charge and nature of
the material particle. It is significantly measurable (of the order of the
atomic-planes spacing in crystals) only in case of sub-atomic particles
like electrons, protons, etc. (due to smallness of their masses and hence,
momenta). However, it is indeed very small, quite beyond measurement,
in case of macroscopic objects, commonly encountered in everyday life.

. Electron diffraction experiments by Davisson and Germer, and by G. P.

Thomson, as well as many later experiments, have verified and confirmed
the wave-nature of electrons. The de Broglie hypothesis of matter waves
supports the Bohr’s concept of stationary orbits.

Physical Symbol Dimensions Unit Remarks
Quantity
Planck’s h [ML2T ] Js E = hv
constant
Stopping \A [ML2T -3A™"] \Y% eV=K
potential
Work o, [ML2T 2] J; eV K .=E-¢,
function
Threshold v, [T Hz Vo=, /h
frequency
de Broglie y) [L] m A= h/p
wavelength
POINTS TO PONDER
1. Free electrons in a metal are free in the sense that they move inside the

metal in a constant potential (This is only an approximation). They are
not free to move out of the metal. They need additional energy to get
out of the metal.

Free electrons in a metal do not all have the same energy. Like molecules
in a gas jar, the electrons have a certain energy distribution at a given
temperature. This distribution is different from the usual Maxwell's
distribution that you have learnt in the study of kinetic theory of gases.
You will learn about it in later courses, but the difference has to do
with the fact that electrons obey Pauli’s exclusion principle.

Because of the energy distribution of free electrons in a metal, the
energy required by an electron to come out of the metal is different for
different electrons. Electrons with higher energy require less additional
energy to come out of the metal than those with lower energies. Work
function is the least energy required by an electron to come out of the
metal.



Dual Nature of Radiafion

and Matter

Observations on photoelectric effect imply that in the event of matter-
light interaction, absorption of energy takes place in discrete units of hv.
This is not quite the same as saying that light consists of particles,
each of energy hv.

Observations on the stopping potential (its independence of intensity
and dependence on frequency) are the crucial discriminator between
the wave-picture and photon-picture of photoelectric effect.

h
The wavelength of a matter wave given by 4 = ; has physical

significance; its phase velocity v, has no physical significance. However,
the group velocity of the matter wave is physically meaningful and
equals the velocity of the particle.

EXERCISES

Find the
(a) maximum frequency, and

(b) minimum wavelength of X-rays produced by 30 kV electrons.

The work function of caesium metal is 2.14 eV. When light of
frequency 6 x10'*Hz is incident on the metal surface, photoemission
of electrons occurs. What is the

(a) maximum kinetic energy of the emitted electrons,
(b) Stopping potential, and
(c) maximum speed of the emitted photoelectrons?

The photoelectric cut-off voltage in a certain experiment is 1.5 V.
What is the maximum kinetic energy of photoelectrons emitted?

Monochromatic light of wavelength 632.8 nm is produced by a
helium-neon laser. The power emitted is 9.42 mW.

(a
(b

Find the energy and momentum of each photon in the light beam,

How many photons per second, on the average, arrive at a target
irradiated by this beam? (Assume the beam to have uniform
cross-section which is less than the target area), and

(c) How fast does a hydrogen atom have to travel in order to have

the same momentum as that of the photon?

The energy flux of sunlight reaching the surface of the earth is
1.388 x 10°W/m? How many photons (nearly) per square metre are
incident on the Earth per second? Assume that the photons in the
sunlight have an average wavelength of 550 nm.

In an experiment on photoelectric effect, the slope of the cut-off
voltage versus frequency of incident light is found to be 4.12 x 107° V s.
Calculate the value of Planck’s constant.

A 100W sodium lamp radiates energy uniformly in all directions.
The lamp is located at the centre of a large sphere that absorbs all
the sodium light which is incident on it. The wavelength of the
sodium light is 589 nm. (a) What is the energy per photon associated

407
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with the sodium light? (b) At what rate are the photons delivered to
the sphere?

The threshold frequency for a certain metal is 3.3 x 10'* Hz. If light
of frequency 8.2 x 10'* Hz is incident on the metal, predict the cut-
off voltage for the photoelectric emission.

The work function for a certain metal is 4.2 eV. Will this metal give
photoelectric emission for incident radiation of wavelength 330 nm?
Light of frequency 7.21 x 10'* Hz is incident on a metal surface.
Electrons with a maximum speed of 6.0 x 10° m/s are ejected from
the surface. What is the threshold frequency for photoemission of
electrons?

Light of wavelength 488 nm is produced by an argon laser which is

used in the photoelectric effect. When light from this spectral line is

incident on the emitter, the stopping (cut-off) potential of

photoelectrons is 0.38 V. Find the work function of the material

from which the emitter is made.

Calculate the

(a) momentum, and

(b) de Broglie wavelength of the electrons accelerated through a
potential difference of 56 V.

What is the

(a) momentum,

(b) speed, and

(c) de Broglie wavelength of an electron with kinetic energy of
120 eV.

The wavelength of light from the spectral emission line of sodium is

589 nm. Find the kinetic energy at which

(a) an electron, and

(b) a neutron, would have the same de Broglie wavelength.

What is the de Broglie wavelength of

(a) a bullet of mass 0.040 kg travelling at the speed of 1.0 km/s,

(b) a ball of mass 0.060 kg moving at a speed of 1.0 m/s, and

(c) a dust particle of mass 1.0 x 107° kg drifting with a speed of
2.2 m/s?

An electron and a photon each have a wavelength of 1.00 nm. Find

(a) their momenta,

(b) the energy of the photon, and

(c) the kinetic energy of electron.

(

a) For what kinetic energy of a neutron will the associated de Broglie
wavelength be 1.40 x 107'°m?

(b) Also find the de Broglie wavelength of a neutron, in thermal
