8.1 INTRODUCTION

A brief survey of the electromagnetic waves. We
have leamnt that an electric current produces a mag-
netic field. Also a magnetic field changing with time
produces an electric field. Can an electric field
changing with time produce a magnetic field 2 James
Clerk Maxwell (1831-1879), argued that this was indeed

the case —an electric field changing with time produces a

magnetic field. Maxwell noticed that Ampere’s
circuital law is inconsistent namely, makes non-unique
predictions for the magnetic field in situations where
electric current changes with time. He showed that
consistency requires an additional source of magnetic
field, this is called displacement current. This made the
laws of electricity and magnetism symmetrical.

Maxwell formulated a set of four equations, called
Maxuwell’s equations. With the help of these equations,
he predicted that electric and magnetic fields
dependent on time and space propagate as transverse
waves, called electromagnetic waves. His discovery that
electromagnetic waves travel with the speed of light
led him to a remarkable conclusion that light is an
electromagnetic wave. Heinrich Hert, in 1865,
successfully demonstrated the existence of electro-
magnetic waves. A few years later, Guglielmo Marconi
of Italy succeeded in transmitting electromagnetic
waves over distances of several kilometres. His
experiments brought a revolution in communication
which we are witnessing even today.

8.2 MAXWELL'S DISPLACEMENT CURRENT

1. Discuss the inconsistency in Ampere’s circuital
law. What modification was made by Maxwell in this
law ? What is displacement current ? Conduction and
displacement currents are individually discontinuous,
but their sum is continuous. Comment.

Inconsistency of Ampere’s circuital law. According
to Ampere’s circuital law, the line integral of the
magnetic field B along any closed loop C is proportional to
the current [ passing through the closed loop, i.e.,

§ B.dl =p,1 (1)
{0

In 1864, Maxwell showed that the equation (1) is
logically inconsistent. To prove this inconsistency, we
consider a parallel plate capacitor being charged by a
battery as shown in Fig. 8.1(s). As the charging
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Fig. 8.1 A parallel plate capacitor being
charged by a battery.
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continues, a current [ flows through the connecting
wires, which of course changes with time. This current
produces a magnetic field around the capacitor.
Consider two planar loops C; and G,, C, just left of the
capacitor and C, in between the capacitor plates, with
their planes parallel to these plates.

Now the current I flows across the area bounded by
loop C, because connecting wire passes through it.
Hence from Ampere’s law, we have

§ Bodl =py1 (2)
G

But the area bounded by C, lies in the region
between the capacitor plates, so no current flows

across it.

§ B.dl =0

€,
Imagine the loops C and G, to be infinitesimally close to
each other, as shown in Fig. 8.1(b). Then we must have

§f B.dl = § B.d ()
& Gy

«(3)

This result is inconsistent with the equations (2)
and (3). So a need for modifying Ampere’s law was felt
by Maxwell.

Maxwell’'s modification of Ampere’s law : Dis-
placement current. To modify Ampere’s law, Maxwell
followed a symmetry consideration. By Faraday’s law,
a changing magnetic field induces an electric field,
hence a changing electric field must induce a magnetic
field. As currents are the usual sources of magnetic
fields, a changing electric field must be associated with
a current. Maxwell called this current as the
displacement current to distinguish it from the usual
conduction current caused by the drift of electrons.

Displacement current is that current which comes
into existence, in addition to the conduction current,
whenever the electric field and hence the electric flux
changes with time.

To maintain the dimensional consistency, the
displacement current is given the form :

déy
=%
where ¢. = electric field x area= EA, is the electric flux
across the loop.

.. Total current across the closed loop
ddy
=If+fd'=ff+£0?;-
Hence the modified form of the Ampere’s law is

§ B.dl =p0[lr+an %} (5)
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Unlike the conduction current, the displacement
current exists whenever the electric field and hence the
electric flux is changing with time. Thus according to
Maxwell, the source of a magnetic field is not just the
conduction electric current due to flowing charges, but
also the time-varying electric field. Hence the total
current [ is the sum of the conduction current I_and
displacement current [,

dé,
I=Ic+Id=Ic+an%

Consistency of modified Ampere’s law. For loop
C,, there is no electric flux (¢ =0). Therefore, from
equation (5) we have

§ Bodl =y 1 ..(6)
G

For loop C,, conduction current [ =0 but [, #0,
because a time-varying electric field exists in the
region between the capacitor plates. Hence

d
§Bl=pq, k

=

«(7)

If A be the area of the capacitor plates and g be the
charge on the plates at any instant t during the
charging process, then the electric field in the gap will
be

- AN
sOA
or EA.=i
£y
or Flux ¢t=i
£y
d| q dq
C§ B.dl =p e, d ‘Pusoa[a—} 0 3t
2
B al dq
or § B.dl =p,1 v I=-
C, df

This agrees with the equation (6), proving the
consistency of the Ampere’s modified law (5).
Property of continuity. The sum (1. + I,) has the
important property of continuity along any closed
path even when individually I and I; may not be
continuous. In Fig. 8.1, for example, a current I_enters
one plate and leaves the other plate of the capacitor.
The conduction current
_dg
=
is not continuous across the capacitor gap as no
charge is transported across this gap. The displacement
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current [ is zero outside the capacitor plates and in the
gap, it has the value

A 4 d[q|_dq
*uyﬂua‘f"”:‘va[g}:z

which is exactly the value of the conduction current in
the lead wires. Thus the displacement current satisfies
the basic condition that the current is continuous.

(8)

d
The sum I_+ ¢, i has the same value along the
i dt

entire path (both inside and outside the capacitor
plates), although individually the two currents are
discontinuous. Clearly, outside the capacitor plates,
we have only conduction current I, = [, and there is no
displacement current (I, =0). While inside the capa-
citor plates, there is only displacement current [, = I,
and there is no conduction current (/. =0). But in any
general medium, both [, and [, are present. However,
I.is larger than [ in a conducting medium while 1, is
larger than /_in an insulating medium.

2. Is a displacement current associated with a
magnetic field ? Or, can a changing electric flux induce a
magnetic field ? Explain it with the help of an example.

Induced magnetic field. A displacement current
produces the same physical effects as the conduction
current. Like a conduction current, a displacement
current is also associated with a magnetic field.
Consider, for example, the charging of a parallel plate
capacitor by a constant current I in the connecting
wires [Fig. 8.2(a)]. This increases the charges on the
capacitor plates at a steady rate. Consequently, the
electric field between the plates also increases at a
steady rate. Between the capacitor plates, there exists a
displacement current due to time varying electric field.
In such a region, we expect a magnetic field though
there is no source of conduction current nearby.

Experiments have shown that a magnetic field B is
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Fig. 8.2 (a) Electric and magnetic fields E and 3 at any point Q
between the capacitor plates. (b) A cross-sectional view of
Fig. 8.2(a)
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indeed induced (say at a point Q) between the
capacitor plates and has same magnitude as that just
outside (say at point P).

In Fig. 8.2(a), the direction of E is from the positive

plate to the negative, whereas the direction of B at Qis

perpendicular to the plane of paper. Fig. 8.2(b) shows a
cross-sectional loop parallel to the plane of the plates.

The field E is directed normally into the plane paper,

as shown by crosses. The induced field B is clockwise
along the tangents on a circle in this cross-sectional
plane.

3. State the important consequences of displacement
current.

Consequences of ~ displacement current. 'The
concept of displacement current has made the laws ot
electricity and magnetism symmetrical. According tu
Faraday’s law of electromagnetic induction, the
magnitude of induced emf is equal to the rate of chunge
magnetic flux. But the emf between two points is the
work done in taking a unit charge from one point tu
another against the electrostatic forces. This implies
the existence of an electric field in the region. So
Faraday’s law simply states that a time varying
magnetic field gives rise to an electric field.

By symmetry, a time varying electric field should
give rise to a magnetic field. This is an importance
consequence of displacement current which is a source
of magnetic field.

Another very important consequence of the
symmetry of electricity and magnetism is the existence
of electromagnetic waves, so important for modern
communication.

4. State the important properties of displacement
current,

Important properties of displacement current.
These are as follows :
1. Displacement current exists whenever there is a
change of electric flux. Unlike conduction
current, it does not exist under steady conditions.

2. Itisnota current. It only adds to current density
in Ampere’s circuital law. As it produces
magnetic field, so it is called a current.

3. The magnitude of displacement current is equal
to the rate of displacement of charge from one
capacitor plate to the other.

4. Together with the conduction current,
displacement current satisfies the property of
continuity.
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Examples based on
Displacement Current and Modified
e’'s Circuital Law

Ampe
Formulae Used

1. Displacement current, I, =g, ‘—iﬁ

Also I, = eo—(EA) eOAi‘—F:

A A aV
i dt( ] PR T
2. Modified Ampere’s circuital law,

§ B .dl =py(lc+1Ip)

Units Used

Electnc field Eis in Vm ™, voltage V in volt, area
Ainm?, distance d in m, current I in ampere and
field Bin Wb m™? or tesla.

Constants Used
Permittivity constant, €, = 8.85 x 102C’N 'm 2
Permeability constant, , = 4n x 107 TmA ™"

Example 1. A parallel plate capacitor has circular plates,
each of radius 5.0 em It is being charged so that electric field
in the gaf between its plates rises steadily at the rate of
1012 v 1 What is the dxsplacemenr current ?

Solution. Here r=5 cm =5x10*m,

9E _ 102 ymrig!
dt
Displacement current,
I AE ey mAlE

=% g TR TR Ty
=885x10"2 x wx (5x1072)x 10" A =0.07 A.

Example 2. The woltage between the plates of a
parallel-plate capac;far of capacitance 1.0 uF is changing at

the rate of 5 Vs~ \. What is the displacement current in the
capacitor ?
Solution. Here C =1.0 uF =1.0 x 107°F,
dv 4
—=5Vs
dt

Displacement current,

d d (VA

ID=SU?=80-&;{EA):EUE;(_£1—]
_HAdV_ .4V
d dt dt

=10x10°x5A=50u A
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Example 3. A parallel plate capacitor of area 50 cnf and
plate separation 3.0 mm is charged initially to80 nC. Due to
radioactive source nearby, the medium between the plates gets
slightly canduchng and the plate loses charge initially at the
rate of 1.5 x 107® Cs™'. What is the magnitude and direction
of displacement current ? What is the magnetic field between
the plates ?

Solution. Due to leaking, there is a flow of +ve
charge from the +ve plate to the —ve plate (or the flow
of -ve charge in the reverse direction). Thus the
conduction current within the plates is from the +ve
plate to the -ve plate. Now the displacement
current is

d dE
I =¢ %— =§ &

=ED'A£ _q- =EOAL d_q
dt &y A gy A dt
or I —§—15x10"3 céy.

The direction of displacement current is opposite to
that of electric field E and hence opposite to the
conduction current. But its magnitude is same as that
of the conduction current. The net current between the
plates is zero.

Using Ampere’s law (with I, there replaced by
I=1I.+1I,=0),

§ B.dl =pg I=po(l +Ip)=pyx0=0

So the magnetic field within the plates is zero at all
points.
Example 4. Refer to Fig. 8.3. Use modified Ampere's
circuital law and the symmetry in the problem to calculate
magnetic field between the
plates at a point (i) on the
axis (i) 6.5 cm from the axis
(ifi) 15 cm from the axis.
(iv) At what distance from
the axis is the magnetic
field due to displacement
current greatest ? Obtain
the maximum value of the

feld.

Solution. Consider a circular loop of radius r
between the plates and co-axial with them, ie., its
centre lies on the axis of the plates and its plane is
normal to the axis, as shown in Fig. 8.3. By symmetry,
B is tangential to the circle at every point and equal in
magnitude over the circle. Therefore,

§ Bl =B. |

Circle

dl=Bx2nr=2nrB
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As the conduction current, /=0 in the region Solution. Here r=1m, C=1nF=10"F
between the plates, therefore, from modified Ampere’s p_1MQ=10°Q, V=2V,t=10"s

. Time constant of the RC circuit is

§ B.dl =2nrB=p 1, t=RC=10°x10"=10"s
=€, % Rate of change of electric QR=1m
flux through the area m”. PQ =§ m
When r < R. Let ¢ be the flux through area nR%
Then flux through area nr* (which is less than n R?) R-TT0O TP
AT
n R? R?
. Rate of change of flux through the area nr* 21\’ AAA
= di i 1MQ
dt " R? Fig. 8.4
Hence, 2 2 Charge on the capacitor plate at any instant f
2rrB=pyey . s =1, .15 during charging is given by
dt R R ¢ ¢
- For r<R, q(t):CV[l—e_E]ﬂo*’xzu—e 107
porl
B= E“EC‘E% (@) The electric field in between the plates at time ¢ is
qt) _ 9 _q(t)
E=1Y1_ =i )
When r2 R. In this case the capacitor plates are . gyA T e® gqn
totally enclosed by the area nr* of the larger circle, so _ ’ _
the total current through the area nr” is I,. Thus Now consider a circular loop of radius 1/2 m
2nrB=y, I parallel to the plates passing through P. The magnetic
. L field Bat all points on this loop is along the loop and of
* For r2 R, : the same value.
B= Flzu_d «(b) The flux ¢ through this loop is
nr
¢ = Ex area of the loop
(/) From equation (a), the magnetic field on the axis 12 zE q
(r=0)is =Exnx[5) =T=4_ [Using (1)]
B=0 "

.. o, ) The displacement current is
(if) Here r=6.5cm and R =12 cm, i.e., r < R. Again

using equation (), we get I = a9 d [ q J
p dnx 107 x65%x1072x0.15

t
2mx(12x1072)? %ﬁ:%% [2“0.9(1_8'“1—-3)]
=135x 10T [1, =015 A] : . 3
(#1i) B is maximum at r = R. From (a) or (b), we have = o x2 x1072.¢~ 10 (_1.?5)

_Boly  4rx107x0.15
max “2mR  2mxx12x1072

=25x107T.

Example 5. A parallel plate capacitor with circular plates
of radius 1 m has a capacitance of 1 nF. At t =0, it is
connected for charging in series with a resistance R = 1 MQ -6 -7 -6
across 2 V battery. Calculate the magnetic field at a point P, in g Pl S0 4k 10 051l
between the plates and half way between the centre and the T ¢ nx2.718
periphery of the plates, after 107 s. [NCERT] =074x 1073 T,

=0.5x 106 /107
Att=107s, I, =05x107%"
Applying Ampere’s circuital law to this loop, we get
B.2mx % =po(L+I;)=py (0+05x107")
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roblems For Practice

; 1

ra

(91

How would you establish a displacement current of

2.0 A in the space between the two parallel plates of
1pF capacitor ?”

(Ans. By changing p.d. across the capacitor

plates at the rate of 2 x 10° vs)

A capacitor consists of two circular plates each of
radius 10.0 cm and separated by 2.0 mm. The
capacitor is being charged by an external battery.
The charging current is constant and equal to 0.5 A.
Calculate (a) the capacitance, (h) the rate of change
of potential difference across the plates and (c) the
displacement current.

(Ans. 13894 pF, 3.6 x 10° Vs ™1, 0.5 A)

A parallel plate capacitor has two metal plates of
size 30 cm x 15 cm and separated by 2.0 mm. The
capacitor is being charged so that the charging
current has a steady value of 100 mA. Calculate the
rate of change of potential difference between the
capacitor plates. What is the displacement current
in the region between the capacitor plates ?
(Ans. 5x10* Vs™!, 100 mA)
A parallel plate capacitor of capacitance C = 0.1pF is
connected across an a.c. source of (angular) fre-
quency 500 rad s™'. The value of conduction current
is 1 mA. What is the rms value of the voltage from
the source ? What is the displacement current
across the capacitor plates ? (Ans. 20V, 1 mA)

A parallel capacitor made of circular plates of
radius 10.0 cm has a capacitance of 200 pF. The
capacitor is connected to a 200 a.c. supply with an
angular frequency of 200 rad s,

(1) What is the r.m.s. value of conduction current ?

(if) Is the conduction current equal to displace-
ment current ?

(ifi) Find peak value of displacement current ? *
(iv) Determine the amplitude of magnetic field at a
point 2.0 cm from the axis between the plates.
[Ans. (i) 8 pA (if) Yes (iif) 11.312 pA

(iv) 4525 x 10712 T)

HINTS

1.

v A

As proved in Example 2,
dv

I =C——-
i dt

dv. I 20
e C 0"
=2x10° Vsl
Proceed as in Exercise 8.1 on page 8.32.

. Here

PHYSICS-XII
g _d ey oAV B A AV
dt  dt d d ' d
. dv
Todf F.[,A
100 x 107 x2x1073

T 8.85x10°2 x0.30x0.15
=5x10% Vs,

C=01uF=107F, ®=500rads™’,
I,.=1mA=10"A
1
VmS = XC' II'NL‘ =F;-C_-' II"W

1 3
= x107 =20 V.
500 x 107 .

. Here R=10cm =0.10m,

C=200pF=2x10"F Vv _ =200V
w=200rads!, r=20%x107%m

sl 1]
L, =D =0CV,,
O et T e e
= 200%2x107'" x200
=8x10°A =8uA.
(i1)  Yes, because I, = I
(i) I =+21, =v2x8x107°

=11312x10°A
=11.312 pA.

(iv) Consider a circular loop of radius r between
the plates and co-axial with them. Area of the
loop, A’ = nr?. By symmetry, B is tangential to
the circle at every point and is equal in
magnitude over the circle. Here only a part of
the displacement current I, threads the loop of
area A"

. Current through area A’
I r
- wrP = |
st

Using modified Ampere’s circuital law,

f B.dl =W, xCurrent through area A’

B.2nr=p, % I,

2n R

4= x1077 x11.312x107% x2x 102
21 x(0.1)

= 4525102 T,
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8.3 MAXWELL'S EQUATIONS

Maxwell found that all the basic principles of electro-
magnetism can be formulated in terms of four funda-
mental equations called Maxwell’s equations. Assuming
that no magnetic or dielectric material is present, the
four basic equations can be stated as follows :

1. Gauss law of electrostatics. This law states that

the electric flux through a closed surface S is 2 times the
i

total charge q enclosed by the surface S.

§E.d8=1

g

ie.,

..(9)

Important consequences of this law are that (i) the
charge on an insulated conductor resides only on its
outer surface, and (ii) the electrostatic force between

two charges is inversely proportional to the square of
the distance between them.

2. Gauss law of magnetism. According to this law,
the magnetic flux through any closed surface is always
zero.

Le., f B
s

.S =0

..(10)

This law implies that isolated magnetic poles or
magnetic charges do not exist, i.e, it explains the
absence of magnetic monopoles.

3. Faraday’s law of electromagnetic induction.
This law tells that a changing magnetic field induces
an electric field. According to this law, the induced emf
set up in a closed circuit C is equal to the rate of change
of magnetic flux linked with the closed circuit.

ie., f E.dl =‘E¢Q
c t

d
or E S § B.ds .(11)
at| !

4. Modified Ampere’s law. This law states that the
line integral of the magnetic field around any closed
circuit C is equal to p, times the total current (the sum
of conduction and displacement currents) threading
the closed circuit.

ie, § B.dl =p (I + In.]=;1n]:1f+an d—dﬂ -(12)
C

This law implies the fact that not only a con-
duction current but a displacement current, asso-
ciated with a changing electric field, also produces a
magnetic field.
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8.4 MAXWELL'S PREDICTION OF
ELECTROMAGNETIC WAVES

5. Explain clearly how Maxwell was led to predict the
existence of electromagnetic waves. How can these waves
be represented mathematically ?

Maxwell’s prediction of electromagnetic waves. In
1865, Maxwell theoretically predicted the existence of
electromagnetic waves. According to Faraday’s law of
electromagnetic induction :

A time-varying magnetic fie

On the basis of his theoretical studies, Maxwell
argued that

This means that the change in either field
(electric/magnetic) produces the other field. Maxwell
further showed that these variations in electric and
magnetic fields occur in mutually perpendicular
directions and have wave like properties. He was thus
led to the idea that a wave of electric and magnetic
fields both varying with space and time should exist,
one providing the source of the other. Such a wave is

Mathematical representation of electromagnetic
waves. Figure 8.5 shows a plane electromagnetic wave

travelling along X-axis. The electric field E oscillates

along Y-axis while the magnetic field B oscillates
along Z-axis.

Direction of propagation —

Fig. 8.5 A plane electromagnetic wave
travelling along X-axis.

The values of electric and magnetic fields shown in
the above figure depend only on x and t. The electric
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field vector can be represented mathematically as
follows :

E=E, | =Esin(kx-ot)]

il

5[z

where k=2n/A is the propagation constant of the
wave and angular frequency, @ =2nv.

Clearly, E =E, =0
The magnetic field vector may be represented as

B =B k =B sin(kx-of)k
i X N
= Bosm[Zu(X -vt)]k

x t)|p
= B sin|2n| = —— ||k
B, sm{ n(l T)]
Clearly, B, = By =0.
Here E, and B, are the amplitudes of the electric field

E and magnetic field B, respectively.

Equations (1) and (2) show that the wvariations in
electric and magnetic fields are in same phase, Le., both
attain their maxima and minima at the same instant
and at the same place (x).

(1)

-(2)

The magnitudes of E and B are related as

o

Maxwell also showed that the speed of an e.m.
wave depends on the permeability and permittivity of
the medium through which it travels. The speed of an
e.m. wave in free space is given by

k‘ﬁ% .

Permeability of free space,
po=4rnx107 Ns* C?
Permittivity of free space,

g, =8.85x1072 C2N"'m?
1

C=
Varx 107 x 8.85x 1072
=3.0x 10°ms™

which is the speed of light in vacuum. This fact led
Maxwell to predict that light is an electromagnetic
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wave. The emergence of the speed of light from purely
electromagnetic considerations is the crowning
achievement of Maxwell’s electromagnetic theory.

The speed of an e.m. wave in any medium of
permeability p and permittivity & will be
1 c

= 1 — —
"TTeR Jkeoh mp gk,

where « is the dielectric constant of the medium and u,
is its relative permeability.

As the electric and magnetic fields in an e.m. wave
are always perpendicular to each other and also
perpendicular to the direction of wave propagation, so
e.m. waves are fransverse in nature.

8.5 SOURCES OF ELECTROMAGNETIC
WAVES

6. Briefly explain how is an accelerating charge a
source of an electromagnetic wave.

An accelerating charge as a source of an
electromagnetic wave. A stationary charge produces
only an electrostatic field while a charge in uniform
motion produces a magnetic field that does not change
with time. Thus, neither stationary charges nor charges
in uniform motion (or steady currents) can produce
electromagnetic waves. According to Maxwell, an
accelerating charge produces electromagnetic waves.
Consider a charge oscillating harmonically with time.
This is an example of an accelerating charge. This
charge produces an oscillating electric field in its
neighbourhood. This field, in turn, produces an
oscillating magnetic in the neighbourhood. The
process continues because the oscillating electric and
magnetic fields act as sources of each other. Hence an
electromagnetic wave originates from the oscillating
charge. The frequency of the electromagnetic wave is equal
to the frequency of oscillation of the charge. The energy
carried by the wave comes from the source which
makes the charge oscillating.

From the above discussion, we may note that in
order to generate an electromagnetic wave of
frequency v, we need to set up an a.c. circuit in which
the current oscillates at the frequency v. Hence it is
easier to generate low frequency e.m. waves, such as a
radiowave. However, it is not possible to experi-
mentally demonstrate the existence of high frequency
e.m. waves, such as visible light. For example, the
generation of yellow light requires an oscillator of
frequency 6x 10" Hz, while the modern oscillators
have frequency hardly above 10" Hz.

In the next section, we discuss Hertz's experiment
for demonstrating the existence of low frequency
radiowaves.
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8.6 HERTZ'S EXPERIMENT

7. Describe Hertz's experiment for producing and detec-
ting electromagnetic waves. How were the various pro-
perties of electromagnetic waves demonstrated by Hertz ?

Hertz's experiment. Maxwell predicted the
existence of electromagnetic waves in 1865. This
prediction had to wait for about 22 years before a
German physicist, Heinrich Hertz, succeeded in experi-
mentally confirming the existence of electromagnetic
waves in 1887.

In the oscillations of an LC- circuit, we know that
the charge oscillates across the capacitor plates. Since
an oscillating charge has non-zero acceleration, it will
continuously emit electromagnetic waves. As shown
in Fig. 8.6, Hertz used an oscillatory LC-circuit for
producing electromagnetic waves.

Metal
. plate
1 g S Gap
- — S'
Input| €3 1 St S,
P _a 8 SZ'W-’ 5,2
P Detector

Transmitter Metal

Fig. 8.6 Hertz's experimental set-up for producing
and detecting e.m. waves.

The transmitter consists of two large square metal
(brass) plates with sides of length 40 cm. These are
placed in the same vertical plane with their centres
about 60 cm apart. The plates are connected to two
thick wires ending in highly polished brass spheres
S, and §,. The distance between the two spheres is 2 to
3 cm. The two thick wires are connected to the
secondary terminals of an induction coil.

Every time the current in the primary circuit of the
induction coil is interrupted, a large p.d. is set up across
5, and S, and the metal plates get charged. The high p.d.
ionises the air in the gap and makes the gap conduc-
ting. The electrons and ions so produced oscillate back
and forth across the gap §,S,. An oscillatory discharge
of the plates occurs through the conducting gap. The
process results in the production of e.m. waves.

The metal plates form a capacitor of low
capacitance C and connecting wires offer a low
inductance L The system generates e.m. waves of high
frequency (v) given by

8.9

The receiver or detector consists of an almost closed
circular stout wire terminating at the two ends in two
small polished brass spheres S and S,. The electro-
magnetic waves reaching the gap of the detector are
associated with a sufficiently strong electric field
which sets up a high p.d. across the gap S S,. This
causes tiny sparks jumping across the gap, thereby
proving the existence of e.m. waves.

Hertz demonstrated the various properties of e.m.
waves as follows :

1. Hertz observed that maximum sparks are
produced across the detector gap when this gap is
parallel to the transmitter gap. When these two gaps
are perpendicular to each other, no sparkes are
produced across the detector gap i.e, no electro-
magnetic waves are detected. This means that electric
field associated with the waves radiated from the
transmitter is parallel to the two gaps i.e., the direction
of the electric field is perpendicular to the direction of
propagation of the e.m. wave. This clearly demon-
strates that the e.m. waves are transverse in nature.

2. Hertz not only produced and detected electro-
magnetic waves, but also demonstrated their properties
of reflection, refraction and interference and so
established beyond doubt that the e.m. radiation has a
wave nature.

3. Hertz allowed the e.m. waves to fall on a large
plane sheet of zinc. The reflected waves superimposed
on the incident waves, produced stationary e.m.
waves. The wavelength of these waves was deter-
mined by measuring the distance between two nodes.
The frequency of the wave was equal to that of the
oscillator, i.e.,

1

¥ R IC

Hence the speed of the e.m. wave was determined
by using the formula v =v A It was found that e.m.

waves travel with the same speed as the speed of light.

4. Electromagnetic waves can be polarised. To test
this fact, take a portable AM radio provided with a
telescopic antenna. It responds to the electric
component of the e.m. signal from the broadcasting
station. When the antenna is turned horizontal, the
signal is greatly diminished. The portable radios
having horizontal antenna inside them are sensitive to
the magnetic component of e.m. wave. The signal is
best received when such a radio is held horizontal.

In Hertz set-up, the frequency of the e.m. waves
produced was 5x 107 Hz. So the wave length of the
e.m. waves produced is given by

o€ 3% 10®

== _=6m.
v 5x107
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8.7 HISTORY OF THE OBSERVATION
OF EM WAVES

8. Give a brief history of the observation of electro-
magnetic waves.

History of the observation of electromagnetic
waves. In 1865, Maxwell predicted the existence of
electromagnetic waves purely from theoretical consi-
derations. He showed that an accelerating charge
produces electromagnetic waves. Since an oscillating
charge is accelerated continuously, it would conti-
nuously produce e.m. waves of same frequency as that
of the oscillating charge.

In 1887, Hertz succeeded in experimentally confir-
ming the existence of e.m. waves. He used an oscillatory
LC-circuit for producing these waves. He was able to
produce and detect e.m. waves of wavelength around 6 m.

In 1885, Sir J.C. Bose succeeded in producing e.m.
of much shorter wavelength (5 mm to 25 mm) with the
help of a self-designed radiator. He was able to
transmit e.m. waves over a distance of about 20 m.

In 1896, Guglielmo Marconi, discovered that if one of
the spark gap terminals is connected to antenna and the
other terminal is earthed, then em. waves can be trans-
mitted over distances of several kilometers. He succeeded
in transmitting e.m. waves across the British Channel
in 1899 and across the Atlantic Ocean in 1901. His experi-
ments marked the beginning of radio communication.

8.8 TRANSVERSE NATURE OF
ELECTROMAGNETIC WAVES

9. Prove mathematically that electromagnetic waves
are transverse in nature.

Transverse nature of electromagnetic ~waves.
Consider a plane electromagnetic wave travelling in
the X-direction. The associated wavefront lies in the
YZ-plane (a wavefront is the locus of continuous
points having same phase of vibration) and ABCD is a
portion of it at any time f. The electric and magnetic
fields at time ¢ will be zero to the right of ABCD. To the
left of ABCD, they depend on x and t, but not on y and
z, as we are considering only a plane wave.

F iR R
1 .
P | E’—’—bﬂ
2 hasil] D
s ———
E - dx dz
A

Fig. 8.7 Elementary parallelopiped ABCDEFGH
chosen as a closed surface.
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We use Gauss's law to prove the transverse nature
of electromagnetic waves. Consider the closed surface
enclosed by the parallelopiped ABCDEFGH of sides dx,
dy and dz. The total electric flux through this closed
surface must be zero as it does not enclose any charge.
Hence

E.dg =0

ABCDEFGH
or[ _[ E.d")+ I EE]+|:_[ E.d_.+ _[ Ea"’é:l
ABCD EFGH ABFE DCGH
{; E.ide | E’.Is]:u
AEHD BFGC

The paired integrals are the contributions from the
faces normal to X, Y and Z-axis, respectively. Since E
does not depend on y and z, the contributions from the
faces normal to Y and Z-axis cancel out in pairs, so the
above equation becomes

f E .dS+ I E .d5=0
ABCD EFGH
Let E, and E, be the x components of the electric
field at the faces ABCD and EFGH, respectively. The
outward normals on these faces are oppositely
directed (along X-axis), therefore,

[ E.dd=E, dya

ABCD

[ E.dS=-Edya
EFGH

(1)

Hence equation (1) becomes
E .dydz—E .dydz=0 or E =E

ie., the component of the electric field along the
direction of propagation is constant. But a constant or
static field cannot produce a wave, so this constant
must be equal to zero, i.e, E_=0

Similarly, we can prove that B =0. Thus the
electric or magnetic fields have no component along
the direction of propagation. Or, in an electromagnetic
wave both the electric and magnetic fields are perpendicular
to the direction of propagation, i.e., the electromagnetic
waves are transverse in nature.

8.9 ENERGY DENSITY, INTENSITY AND
MOMENTUM OF ELECTROMAGNETIC
WAVES

10. Ohtain expression for the energy density of an
clectromagnetic wave. In an electromagnetic wave, show
that the ancrage encrgy density of the E field equals the
avcrage encrgy density of the B field.
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Energy density of an electromagnetic wave. Electro-
magnetic waves carry energy as they travel through
space and this energy is shared equally by the electric
and magnetic fields. Energy density of an e.m. wave is
the energy in unit volume of the space through which the
wave travels.

We know that energy is stored in space wherever
electric and magnetic fields are present.

In free space, the energy density of a static field Eis
up = % £, E?
Again in free space, the energy density of a static
magnetic field is
g
PATN

The total energy density of the static electric and
magnetic fields will be

B..

_1 2. 3
U= g + U ZSOE + HDBZ
But in an electromagnetic wave, both Eand B fields
vary sinusoidally in space and time. The average
energy density u of an e.m. wave can be obtained by
replacing E and B by their rms values in the above
equation. 'I‘hus

=-£: +—

1 2 1 L, 1 B
or u=Z£0E0+mB§ 'Erms,:f[_'i'srms:‘q-—%:[
Moreover, E; =cB, and c2=— therefore

Ho €p

1 2_1 2

“£=Z5050=15{:(‘q:)
. QLI .

Hence in an electromagnetic wave, the average energy of
the E field equals the average energy density of the B field.

It may be noted that

il 2 2
quEUEO _SOEU S‘JE '_aﬂErms
Also,
y=Llp, 1 p 1 p 1
4p, 4, 2, Bo

11. Define intensity of an electromagnetic wave.
Obtain an expression for it.

Intensity of an electromagnetic wave. The energy
crossing per unit area per unit time in a direction perpen-
dicular to the direction of prnpagatwn is called intensity of
the wave.
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Suppose a plane electromagnetic wave propa-
gates along X-axis with speed c. As shown in Fig. 8.8,
consider a cylindrical volume with area of cross-
section A and length ¢ At along the X-axis. The energy

e

f cAt

Area=A

Fig. 8.8 Calculation of intensity.

contained in this cylinder crosses the area A in time At
as the wave propagates with speed ¢ The energy
contained is

U = Average energy density x volume
=uxcAtx A

Intensity of the wave,

I= Energy U =i
" Areax Time AAf
or 1=%50E§c=a{)£3msc
Also,

1 1
1——2-1"1—0' %C—“—o' Bsmsc

Thus the intensity of an electromagnetic wave is
proportional to the square of the electric/magnetic field.
Conversely, the size of the electric/magnetic field of an
electromagnetic wave is proportional to the square
root of its intensity.

12. Write an expression for the momentum carried by
an e.m. wave.

Momentum of an e.m. wave. An electromagnetic
wave transports linear momentum as it travels
through space. If an electromagnetic wave transfers a
total energy U to a surface in time f, then total linear
momentum delivered to the surface is

1 E
P=7
[For complete absorption of energy U]

If the wave is totally reflected, the momentum
delivered will be 2U / ¢, because the momentum of the
wave will change from pto - p.

13. Write an expression for the pressure exerted by an
electromagnetic wave.

Pressure exerted by an e.m. wave. When an electro-

magnetic wave falls on a surface, it exerts pressure on the surface.
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This pressure is called radiation pressure. The radiation
pressure for an electromagnetic wave of intensity I is
given by

It is because of the radiation pressure of the solar
radiation that the tails of comets point away from the sun.

8.10 PROPERTIES OF ELECTROMAGNETIC
WAVES

14. Mention the wvarious properties of electro-

magnetic waves.

Properties of electromagnetic waves. These are as

follows :

1. The electromagnetic waves are produced by
accelerated charges and do not require any
material medium for their propagation.

2. The directions of oscillations of E and B fields
are perpendicular to each other as well as
perpendicular to the direction of propagation of
the wave. So the electromagnetic waves are
transverse in nature.

3. The oscillations of E and B fields are in same
phase.

4. All electromagnetic waves travel in free space
with the same speed,

1
VHoEo

In a material medium, the electromagnetic

£= =3x 108 ms™

waves travel with the speed,
1 ¢ ¢
= —= = —
Jue Jue n

where n is the refractive index of the medium.
5. The amplitude ratio oflme electric and magnetic

fields is
VHofp

6. The electromagnetic waves carry energy as they
travel through space and this energy is shared
equally by the electric and magnetic fields. The
average energy density of an e.m. wave is

:

— ==

u=uE+uB=%[a0E§+

Ko
7. Electromagnetic =~ waves transport linear
momentum as they travel through space :

u
p=—.
(o

8. Electromagnetic waves are not deflected by
electric and magnetic fields.

9.

10.
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Electromagnetic waves obey the principle of
superposition. They show the properties of
reflection, refraction, interference, diffraction
and polarisation.

The electric field of an electromagnetic wave is
responsible for its optical effects, because

EU>>BO.

45

(

|

>

For Your Knowledge

An accelerating or oscillating charge is a source of
: ctic waves, An clihic diiTe oo TIAtEE
harmonically with frequency v, produces electro-
magnetic waves of frequency v. An oscillating electric
cipole radiates electromagnetic waves.
All types of electromagnetic waves travel through
vacuum with the same speed but they travel with
different speeds in any material medium.
The frequency of an electromagnetic wave is its
inherent characteristic. When an electromagnetic
wave travels from one medium to another, its
wavelength changes but frequency remains unchanged.
The ratio o / ¢ gives the magnitude of the propagation
vector k foran electromagnetic wave,
p=2F_0
A ¢
The direction of propagation of an electromagnetic
wave is same as that of the vector E x B .

The speed of an electromagnetic wave through any
medium depends on its permeability p and
permittivity &

1 c
N s
Half of the intensity of an electromagnetic wave is
provided by its electric field and half by the magnetic
field. So the power delivered by the magnetic field of
an electromagnetic wave is equal to the power delivered
by its electric field, but the magnetic field strength is
much weaker than the electric field strength. In fact,

ho
B

The fact that electromagnetic waves can carry energy
from one place to another, is of great technical
importance. They transmit energy from radio and TV
stations to our homes. Light carries energy from the
sun to the earth, thus making life possible on the earth.

In 1903, the American scientists Nicols and Hull success-
fully measured the radiation pressure of visible light
and found it to be of the order of 7 x 10~® Nm 2. Thus,
on a surface area of 10 cm?, the force due to radiation
is only about 7 x107% N.




ELECTROMAGNETIC WAVES

Examples based on
Equation, Speed, Amplitude and Average

Density of an Electromagnetic Wave

Formulae Used
1. Wave velocity, c=vi
2. Energy of photon, E=hv = !;Tc

3. Speed of e.m. wave in vacuum, ¢ = 1
VHo®n

. 1
4. Speed of e.m. wave in a material medium, c=——
Jue

5. For a wave of frequency v, wavelength 2,
propagating along x —direction, the equations for
electric and magnetic fields are

t

E, = Ky sin (kx - ot) = Fﬂﬂn[Zn(K—?)]

B, = B, sin (kx — ot) = Bosm[Zn &—%]]
6. Amplitude ratio of electric and magnetic fields,
| |

=

B s
2n o

7. Propagation constant, k e

8. Average energy density of E-field,

sufﬁ eoff.m

9. Average energy density of B-field,
1 1
Ug = E" = Bim

2].10
10. Average energy density of e.m. wave,

By 2%%54"_-— Tms a'OEgrns '%!

(8] =— B + —— F e i
11. Momentum delivered by an e.m. wave.
nt
c
Energy / time _ Power
12. In f e= =
tensity of a wavi Fom T
or  I=u,c=g Ep,c
Units Used
Wave velocity cis in ms ™', wavelength 2 in metre,

frequency v in Hz, field Ein Vm ™, field Bin tesla,
energy densities ug, up and u, are in Jm>,

intensity I in Wm ™
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Example 6. Electromagnetic waves travel in a medium at a
speed of 2.0 x 108 ms™L. The relative permeability of the
medium is 1.0. Find the relative permittivity.

Solution. Speed of an e.m. wave in a medium is
given by

1
\/— VH Mo €, aﬂ
1
\/L‘lOED Jpr r ‘\h‘lrer
0 = ¢

Pl’ 8!
Hence relative permittivity,
2 (3% 10%)*
Eg=—s3= B2
p,v° 1.0x(2x10%)

Example 7. A plane electromagnetic wave of frequency
25 MHz travels in free space along the x-direction. At a

particular point in space and time, E =63 f V. What is

B at this point ? [NCERT ; CBSE D 06C]

Solution. Magnitude of E, E=6.3 Vm™!

Magnitude of B,

-1
p=L. VB __,igxioT
¢ 3x10"ms”

We note that E is along y-direction and the wave
propagates along x-direction. Now an e.m. wave
propagates in the direction of the vector E x B. So this
vector must point along x-direction. As

(+f)x(+.’?)=+?
Clearly, vector Bis along z-direction. We can write

B=218x10%k T.
Example 8. The magnetic field in a plane electromagnetic
wave is given by
B, =2 x 107 sin(0.5x 10%x +15x 10" £) T.

(a) What is the wavelength and frequency of the wave ?
(b) Write an expression for the electric field. [NCERT]

Solution. Given

B, =2x 1077 sin (0.5 x 10%x + 1.5 + 10'¢) tesla
On comparing with the standard equation,

~enfan(; )

we get, 2;—1 =05x10°
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. Wavelength,
2n 2 x3.14
l = 3 = 3
0.5x10° 05x10
=1.26 x 10%m = 1.26 cm.
Also, 2mnv=15x10"
_15x10" _1.5x10"
2n 2x3.14
=239x10° Hz = 23.9 GHz.

(b) B,=2x107 T

" Ey=cB=3x10%x2x107 =60 Vm™!

The electric field is perpendicular to the direction of
propagation (x-axis) and the direction of magnetic field
(y-axis). So the expression for electric field is

E, =60 sin (0.5 x 10°x + 15 x 10" t) Vm ™
EXAMPLE 9. Light with an energy flux of 18 watts / cni®
falls on a non-reflecting surface at normal incidence, If the

surface has an area of 20 cnt”, find the average force exerted
on the surface during a 30 minute time span. [NCERT]

Solution. Energy flux
=18 W am2=18 Js'em™
Area =20 cm?
Time =30 min =1800 s
Total energy falling on the surface
U = Energy flux x time x area
= (18 Js'em )% 1800 s x 20 cm?
=6.48x10° ]
The total momentum delivered to the surface,
U _ 648x10°]

¢ 3x10°ms!
=2.16x 10 kgms™'
The average force exerted on the surface,
p_216x107

In case, the surface is a perfect reflector, the change
of momentum
EP-CNp2r

and F=2x12x10"%=24x10°N.

Example 10. Calculate the electric and magnetic fields
produced by the radiation coming from a 100 watt bulb at a
distance of 3 m. Assume that the efficiency of the bulb is2.5%
and it is a point source. [NCERT]

Solution. The bulb, as a point source, radiates light
in all directions uniformly. At a distance of 3 m, the
surface area of the surrounding sphere is

=4n” =4n(3)? =113 m?

PHYSICS-XI|

The intensity at this distance is

I = Power _2.5% of 100 W
Area 113 m?
=0.022 Wm™

Half of this intensity is provided by the electric
field and half by the magnetic field.

But intensity of e.m. wave

=g, E . C
l! lao E2 c-1x0002 Wm™
2 2
or Ex = oe 0 {ﬁz - =8.286
g,C " 885x10 2x3x10
or E,. =2878=29 Vm™
Peak value,
Ey=V2 E., =1414x29=41Vm™
The strength of the magnetic field,
E g 29Vm™ .
=S o T =96x107°T
™ ¢ 3x10°ms™ ’
Also, B =+2 B =1414x96x107"
=14x107 T.

It may be noted that although the power in the
magnetic field is equal to the power in the electric field,
yet the magnetic field strength is very weak.

Exarnple 11. A plane electromagnetic wave in the visible
region is moving along the z-direction. The frequency of the
wave is 0.5 x 10" Hz and the electric field at any point 15
varying sinusoidally with time with an amplitude of 1 Vi~
Calculate the average values of the densities of the efectnc
and the magnetic fields.

Solution. Average energy density of the electric
field is

R E02=%><8.85>c10"u><12

ET3 50
=221x 10" % Jm 3
Average energy density of the magnehc field is

2 -

o B 1 E [ 5o

B 4[10 4"‘08 | ) c |
4 4nx1077 (3x10%)

=221x 1072 jm3
Example 12. The electric field in an e.m. wave is given
by
E=50 sm—(d x)NC!

F md the energy con tamed ina cyfmder of cross-section
10 cm? and length 50 cmalong the x-axis.
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Solution. Here E, =50 NC™'

. Average energy density of the e.m. wave is

1 1 e
u =ESUE§=5><8.55>=1{] 12 (502

aw

=1.1x10"% Jm>3
Volume of the cylinder,
V=10 em? x 50 cm =500 cm® =5x 10*m?
Energy contained in the cylinder is
U = Volume x energy density
=5x107* x1.1x107® =55 x107 J,
Example 13. A plane e.m. wave is propagating in the
x-direction has a wavelength of 6.0 mm. The electric field is
in the y-direction and its maximum magnitude is 33 V™.,

Write suitable equations for the electric and magnetic fields
as a function of x and t.

Solution. Here A =6.0 mm =6 x 107 m,

E,=33 Vm™'
8
m=2m=2£=?m13i=xxlﬂurads_l
A 6x10"
E
e 33821.1x10*“"r
£ 31l

The equation for the electric field along y-axis can
be written as

& X
Ei= Ey:EOSmm[f‘—;)

X

=33 sin nx 10 (r ]Vm".

C

The equation for the magnetic field along z-axis
can be written as

B=B, =Bosinm(f—§)
=1.1x1077 sin nx 101 [r —ijtesla.
Cc

Example 14. A laser beam has intensity 2.5 x 10™ W™,
Find the amplitudes of electric and magnetic fields in the beam.

Solution. The intensity of a plane e.m wave,

I=u

1 2.
- .C=E EUEOt

. Amplitude of electric field,

£ = [2L - 2x25x10"
ggC |8.85x10" 2 x3x10°

=43x10% Vm™
Amplitude of magnetic field,
E, 43x10°
=0 _""" " _144T.
B ¢ 3x108
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Example 15. A light beam travelling in the x-direction is

described by the electric field : E, =270 sin m(f - f]. An
3 c

electron is constrained to move along the y-direction with a
speed of 20x107 ms™. Find the maximum electric force
and maximum magnetic force on the electron.

Solution. Maximum electric field,
E,=270 Vm™
Maximum magnetic field,

=9%x107'T,

directed along z-direction
Maximum electric force on the electron,

F =4E;=16x10""x270=432x 10 N

Maximum electric force on the electron
F, =quB =1.6x10" x20x 10" x9x 1077

=288x 1078 N,

(—/broblems For Practice

1. The electric field vector of a plane electromagnetic
wave oscillates sinusoidally at a frequency of
4.5 x10" Hz. What is the wavelength ?

[CBSE OD 91]
(Ans.6.67 x 107 m)

2. The maximum electric field in a plane electro-
magnetic wave is 600 NC™'. The wave is going in
the x-direction and the electric field is in the
y-direction. Find the maximum magnetic field in
the wave and its direction.

(Ans. 2x 107°T, z-direction)

3. The frequencies of radio waves in the AM
broadcast band range from 0.55x10° Hz to
1.6 x 10° Hz. What are the longest and the shortest
wavelengths in this band ?

(Ans. 545 x10% m, 1.87 x 10> m)

4. A radio transmitter operates at a frequency of
880 kHz and a power of 10 kW, Find the number of
photons emitted per second. [CBSE OD 90]

(Ans. 1.71x10*")

5. The permittivity and permeability of free space are

g =8.85x107?C?N'm 2
and p,=4nx107TmA™, respectively.
Find the velocity of the electromagnetic wave.
(Ans.3x10° ms™)

6. In a plane electromagnetic wave of frequency
1.0 x 10'? Hz, the amplitude of the magnetic field is
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~1

10.

50x107°T. (a) Calculate the amplitude of the
electric field. (b)) What is the total average energy
density of the e.m. wave ?
(Ans. 1.5 x10° Vm ™, 1.0x105Jm?)

A plane electromagnetic wave is moving along
x-direction. The frequency of the wave is 10° Hz
and the electric field at any point is varying sinu-
soidally with time with an amplitude of 2 Vm™.
Calculate the average densities of the electric and
magnetic fields.

(Ans. 8.85x1072Jm™>, 8.85 x 10 Jm )
The magnetic field in a plane e.m. wave is given by

B=(200 uT)sin (4.0x107%s7 [r - 1)
c

Find the maximum electric field and the average
energy density corresponding to the electric field.

(Ans. 6x10*Vm™, 0.008 Jm ™)

. A millimetre wave has a wavelength of 2.00 mm

and the oscillating electric field associated with it
has an amplitude of 20 Vm™. Determine the
frequency of oscillations of the electric and magnetic
fields of this electromagnetic wave. What is the
amplitude of the magnetic field oscillations of this
wave ? (Ans. 1.5x10'" Hz, 6.67%10°° T)

In a plane electromagnetic wave, the electric field
varies with time having an amplitude 1Vm ™. The
frequency of wave is 0.5 x 10" Hz. The wave is pro-
pagating along z-axis, What is the average
energy density of (i) electric field (i) magnetic field
(ifi) total field, and (iv) what is amplitude of

magnetic field ?
[Ans. (i) 221 x107% T m ™ (ii) 221102 Jm~®
(iif) 4.42x1072] m ™ (iv) 3.33x 107°T]

HINTS

il
B 10 =667 %10 m.

Ta5%100
E 600
¢ 3x10°

As the directions of E, B and direction of

il
v

B, = =2x10°T

propagation are mutually perpendicular, so B
should be along the z-direction.
Proceed as in Exercise 8.5 on page 8.33.
Here v = 880 kHz = 880 x 107 Hz,

P=10kW =10 x10° W
Number of photons emitted per second,

P 10 x 10°

6.6 107 > x880 x 1

hv

7 =171 x10™,
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1

vHo®o

(i) Ey=cBy=3x10° x50x107° =1.5x10° Vm .

Use c=

un

(), = 5 & B =5 B85 X 10712 (15 x 10°)

=1.0x10" °Jm >,
7. Proceed as in Example 11 on page 8.14.
8. Here B) =200puT =2x107'T
E, = cB, =3x10° x2x107* =6x10* Vm !

l =7:F-o B =%x'a_,ssxur“ %(6x10%)?

==0.008 Jm _
52 3)(108 1
9. F V=— = =15x1
requency, v ity 15 x 10" Hz
L ZTRL 667108 T
B ¢ 3xigi il
0 () = v Byim g %885 <1072 x

=221 x10 ¥ Jm 3
(i) up = up =2.21x1072 jm™>
(i) u,, =g + up =2x221x1077
=442x10% Im™

(i) By =2 =

TS i %1077 T.
x

8.11 ELECTROMAGNETIC SPECTRUM

15. What is electromagnetic spectrum ? Name the
main parts of the electromagnetic spectrum giving their
frequency range and source of production. Also give their
important properties and uses.

Electromagnetic spectrum. All the known
radiations form a big family of electromagnetic waves
which stretch over a large range of wavelengths. The
orderly distribution of the electromagnetic waves in
accordance with their wavelength or frequency into distinct
groups having widely differing properties is called
electromagnetic spectrum. As shown in Fig. 8.9, the main
parts of the eim. spectrum are y-rays, X-rays,
ultraviolet rays, visible light, infrared rays microwaves
and radio waves in the order of increasing wavelength
from 10 A or 107 m to 10° m.

The various regions of the e.m. spectrum do not
have sharply defined boundaries and they overlap.
The classification is based roughly on how the waves
are produced and/or detected.

We now describe the various regions of the
electromagnetic spectrum in the order of increasing
frequency.
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Frequency, Hz

10>
10°
1021
1020
1019
1013

X-rays

Ultraviolet

8.17

Violet

450 nm

1nm Blue

=

Visible

1 pm

Visible
Infrared

Microwa

Fig. 8.9 Electromagnetic spectrum,

1. Radio waves. These are the e.m. waves of longest
wavelength and minimum frequency.

o

ves
Short radio waves
}— Television and FM radio
AM radio
Long radio waves

550 nm

Tem Yellow

1 m e Orange

= 10"
- 10°
- 10"
- 10
- 10
— 10

1km-

w

700 nm

“ e

2. Microwaves. They are the e.m. waves having
wavelengths next smaller to radiowaves.

Wavelength range | Wavelength range [ 0.3 m to 10" 3 m
Frequency range | 10° Hz to 10'2 Hz
Source Oscillating
Discovered by Marconi in 1895
Uses of radio waves : and polarisation. Due to their
(i) In radio and television communication systems. shorter wa

(1) In radioastronomy

Table 8.1 Some important
communication

wireless

bands

Frequency band

Service

540 - 1600 kHz
3 - 30 MHz
88 — 108 MHz
54 — 890 MHz
840 — 935 MHz

Medium wave AM band
Shortwave AM band
FM broadcast

TV Waves

Cellular Mobile radio

Uses of microwaves :
(/) In radar systems for aircraft navigation.
(i) In long-distance communication systems via
geostationary satellites.
(iii) In microwave ovens.

3. Infrared waves. These radiations lie close to the
low-frequency or long-wavelength of the visible
spectrum. Infrared waves produce heating effect, so they
are also known as heat waves or thermal radiation.
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The water molecules (and also CO,, NH, molecules)
present in different materials readily absorb infrared
waves, increase the thermal motions and hence heat up
the materials and their surroundings.
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5. Ultraviolet light. This region of the em.

spectrum has wavelengths just shorter than visible
light and can be detected just beyond the violet end of
the solar spectrum.

Wavelength range | 5x10m to 10 °m Wavelength range | 3.5 x 107 m to 1.5 x 107 m
Frequency range | 10! Hz to 5x 10" Hz Frequency range | 10'° Hz to 107 Hz
Source Hot bodies and molecules. Source High voltage gas discharge tubes,
Discovered by William Herschel in 1800, arcsofmnarndhermry‘ﬂlemn
Properties Heating effect, reflection, refrac- | | Discovered Ritter in 1&!)

ﬁmhx&?ﬁraction and propagation > by

through fog. Properties

Uses of Infrared waves :

(i) In the remote control of a TV or VCR, the keypad
of which contains a small infrared transmitter.

(1) In green houses to keep the plants warm.

(iif) In haze photography because infrared waves
are less scattered than visible light by atmos-
pheric particles.

(iv) Infrared lamps in the treatment of muscular
complaints.

(v) Inreading the secret writings on the ancient walls.

(vi) In knowing the molecular structure.

4. Visible light. It is a very small part of the e.m.
spectrum towards which the human retina is sensitive.
The visible light emitted or reflected from bodies

around us gives information about the world.

Uses of ultraviolet light :
(1) In food preservation.
(i) In the study of invisible writings, forged
documents and finger prints.
(ifi) In the study of molecular structure.

The ultraviolet light in large quantities has harmful
effects on human beings. But fortunately, most of the
ultraviolet light coming from the sun is absorbed by
the ozone layer in the atomosphere at an altitude of
about 40 — 50 km.

6. X-rays. These e.m. waves have wavelengths just
shorter than ultraviolet light. As X-rays can pass
through many forms of matter, so they have many
useful medical and industrial applications.

Wavelength range | 8 x107 m &o%.ﬂ'”m‘_,- iy
Frequency range 4x1o“ Hzto 7 || Wavelength range | 100 A to 0.1 A
Source Frequency range | 10" Hz to 10%° Hz
Source Sudden deceleration of fast moving
Properties F =T ejmw e
: . Discovered by Rontgen in 1895
% Properties Effect on plate,
: ionisation of gases, photoelectric
Uses of visible light : ﬁuf‘i,m:;;s&omce, e

(i) It provides us the information of the world
around us.

(if) It can cause chemical reactions.

The approximate wavelength ranges for lights of
different colours are as follows :

Table 8.2  Visible Spectrum

Colour Wa:;;’;gth Colour Wa:ll;;r;gth
Violet, indigo | 4000 - 4500 A | Yellow | 5700 - 5900 A
Blue 4500 — 5000 A | Orange | 5900 - 6200 A
Green 5000 -5700 A | Red | 6200 - 7500 A

Uses of X-rays :
(1) In medical diagnosis because X-rays can pass
through flesh but not through bones.

(i) In the study of crystals structure because
X-rays can be reflected and diffracted by crystals.

(iif) In engineering for detecting faults, cracks, flaws
and holes in the finished metal products.

(iv) In detective departments to detect explosives,
diamond, gold, etc. in the possession of
smugglers.

(v) In radiotherapy to cure untracable skin
diseases and malignant growths.



ELECTROMAGNETIC WAVES

7. Gamma rays. These are e.m. radiations of highest
frequency range and lowest wavelength range. These
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Uses of y-rays :
(1) Inradiotherapy for the treatment of malignant

are most penerating e.m. waves. tumours.
Wavelength range | 10*m to 10"°m. (if) In the manufacture of polyethylene from
e e — ethylene.
mm 10t (iif) To }i’nitiate some nuclear reactions
Source Radioactive nuclei and nuclear ; 1 )
reactions. Co - 60 is a pure y-ray (iv) To preserve food stuffs for a long time
source. because soft y-rays can kill micro-
Discovered s H B 1 in 1896 organisms.
P tie ‘Effect on photog |rap11?| c plate, fluore (v) To study the structure of atomic nuclei.
scence, ionisation, diffraction,
Table 8.3 The electromagnetic spectrum
Fame Frequency | Wavelength Production v operties
range (Hz) range i and uses
Radiowaves 10* to 10° >01m Rapid acceleration Receivers Different wavelengths find
and deaccelerations | aerials. specialised uses in radio
of electrons in ccommunication.
aerials.
Microwaves 10% to 1012 0.1mto Klystron valve or Point contact (@) Radar communication.

1 mm magnetron valve. diodes. (b) Analysis of fine details of
molecular and atomic
structure.

(¢) Since .= 3x10"% m, useful
for demonstration of all wave
properties on macroscopic
scale.

Infrared 10" to 1 mm to Vibration of atoms | Thermopiles (a) Useful for elucidating
5x10" 700 nm | and molecules. Bolometer molecular structure.
Infrared (b) Less scattered than visible
photographic light by atmospheric particles—
film. useful for haze photography.
Visible light 4x10™ to 700 nm to | Electrons in atoms | Human eye (a) Detected by stimulating
7 %10 400 nm emit light when they | Photocells nerve endings of human
move from one Photographic retina.
fnersy level t(l}e:rel film. (b) Can cause chemical reaction.
Ower energy :
Ultraviolet 10" t0 107 | 400nmto | Inmer shell electrons | Photocells (a) Absorbed by glass
1 nm in atoms moving Photographic (b) Can cause many chemical
from one eny film. reactions, e.g., the tanning of
level to a lower level. the human skin.

(c) Tonize atoms in atmosphere,
resulting in the ionosphere.

X-rays 10" to 10" 1 nm to X-ray tubes or inner letogr?plﬁc (a) Penetrate matter
107 nm shell electrons. film, thalge_r a " (e.g., radiography)
tubes, lonization | () Ionize gases
chamber. {¢) Cause fluorescence

(d) Cause photoelectric emission
from metals.

(e) Reflected and diffracted by
crystals enabling ionic lattice
spacing and N, (or wave-
length) to be measured.

Gamma rays 10'® to 102 <102 nm | Radioactive decay of | Photographic film, | Similar to X-rays.
the nucleus. Geiger tubes,
Tonization
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For Your Knowledge )

V

All electromagnetic waves travel through vacuum
with the same speed. They differ basically in their |
wavelengths or frequencies. As a result, different e.m.
waves interact differently with matter.

= The e.m. waves interact with matter through their
electric and magnetic fields. These fields set into
oscillation the charges present in the matter. The mode
of interaction (absorption, scattering, etc.) depends on
the wavelength of the e.m. wave and the nature of the
atoms and molecules constituting the matter.

The wavelength of the e.m. wave radiated by any
charge system depends on the size of that system.
Atomic nuclei radiate y-rays of wavelengths 107" to
10™ ®m. Heavy atoms emit X-rays. Electrons oscillating
in a circuit give rise to radiowaves. A transmitting
antenna radiates most effectively the radiowaves of
wavelength equal to the size of the antenna.

The infrared waves incident on a substance set into
oscillation all its electrons, atoms and molecules. This
increases the internal energy and hence the
temperature of the substance. That is why infrared
waves are also called heat waves.

Our eyes are most sensitive to the most intense wave-
lengths of the solar spectrum. That is the centre of
sensitivity of our eyes coincides with the centre of the
wavelength distribution of the solar radiation. J

A\

A\

Y

8.12 EARTH’S ATMOSPHERE

16. Give classification of earth’s atmosphere into
different layers.

Earth’'s atmosphere. The thick envelope of air that
surrounds the earth is called earth’s atmosphere. It extends
to about 400 km above the earth. As we go up, the air
pressure decreases gradually. Broadly, the earth’s atmos-
phere can be divided into the following layers or zones.

1. Troposphere. This layer extends to a height of
12 km from the earth’s surface. Its upper boundary is
called tropopause. As height increases, temperature
decreases from 290 K to 220 K. This layer contains a
large amount of water vapour and clouds are formed
in it. It is responsible for all the important wheather
phenomena that affect our environment.

2, Stratosphere. This layer extends from 12 km to
50 km and its upper boundary is called stratopause.
The lower portion of this layer contains a large
concentration of ozone, resulting from the dissociation
of molecular oxygen by solar ultraviolet radiation in
the upper atmosphere. This layer is called ozone layer
or ozonosphere and extends from 15 km to about
30 km. The temperature of stratosphere rises from
220 K to 280 K.
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Appleton layer Approx.
400 km
Kennelly Heaviside layer lonosphere
Thermosphere
| Mesopausel 80 km
Mesosphere
| Stratopat I I 50 km
Stratosphere
30 km
Ozone la
A 15 km
| Tropopause I Yy 12 km
Troposphere ol

level

Fig. 8.10 Various layers of earth’s atmosphere.

3. Mesosphere. This layer extends from 50 km to
80 km. Its upper boundary is called mesopause. The
temperature of this region falls from 280 K to 180 K.

4, Ionosphere. This layer extends from 80 km to
400 km. Its temperature increases with height from
180 K to 700 K. The ionsophere is mostly composed of
electrons and positive ions. This ionisation is caused by
ultraviolet radiation and X-rays coming from the sun.
The lower portion of the ionosphere extending from 80
km to 95 km is called thermosphere. The concentration
of electrons (i.e., electron density) is found to be very large
in a region beyond 110 km from the surface of earth
which extends vertically for a few kilometres. This
layer of electrons is called Kennelly Heaviside layer.
Beyond this layer, the electron density decreases consi-
derably until at a height of about 250 km, a layer of
electrons is again met. This layer is called Appleton layer.

Except for the ionosphere, the rest of the
atmosphere is composed mostly of neutral molecules.

Table 8.4  Salient features of earth’s atmosphere
Extent | Fall in den-
Name of in km | sity in terms Behaviour p{"
the layer | above | of ground | *eTIPETAUTE
earth level value s
Troposphere | 0 to 12 | From Falls uniformly
1to 107 from 290 K to
220 K
Stratosphere | 12 to 50 | From Rises uniformly
107" t0107 | from 220 K to
280 K
Mesosphere | 50 to 80 | From i Falls uniformly
107 to 107 | from 280 K to
180 K
lonosphere | 80 to From Rises uniformly
300 10° to 1077 | from 180 K to
700 K
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8.13 EFFECT OF EARTH'S ATMOSPHERE ON
ELECTROMAGNETIC RADIATION

Introduction

The sun is the main source of the electromagnetic
radiation that we receive on the earth. The atmosphere
is transparent to the visible radiation as we can see the
sun and the stars through it clear ly. However, the
other components such as infrared and ultraviolet
radiations from the sun are absorbed by different
layers of the atmosphere.

17. What is Greenhouse effect for the atmosphere of
the earth and what is its importance ?

Greenhouse effect. This is the phenomenon which
keeps the earth’s surface warm at night.

The radiation from the sun heats up the earth. Due
to its lower temperature, the earth re-radiates it mostly
in the infrared region. These infrared radiations cannot
pass through the lower atmosphere, they get reflected
back by gas molecules. Low lying clouds also reflect
them back to the earth. These radiations heat up the
objects on the earth’s surface and so keep the earth’s
surface warm at night.
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Atmosphere reflects
Infrared rays

CO, and other
Gases in lower

Infrared waves
radiated by earth

Fig. 8.11 Greenhouse effect.

18. What is the importance of ozone layer in the
atmosphere ?

Importance of ozone layer. The solar radiation
consists of ultraviolet and some other lower wave-
length radiations which cause genetic damages to
living cells. The ozone layer absorbs these radiations
from the sun and prevent them from reaching the
earth’s surface and causing damage to life. Moreover,
it also keeps the earth warm by trapping infrared
radiation.
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IDELINES TO NCERT EXERCISES

8.1, Figure 8.13 shows a capacitor made of two circular
plates each of radius 12 cm and separated by 5.0 mm. The
capacitor is being charged by an external source. The charging
current is constant and equal to 0.15 A.

Fig. 8.13

(a) Calculate the capacitance and the rate of change of
potential difference between the plates.

(b) Obtain the displacement current across the plates.
(c) Is Kirchhoff's first law (junction rule) valid at each
plate of the capacitor ?
Ans. Radius, R=12cm =12x107 m
Plate separation, d =5.0mm =5x10" m

Plate area, A=7n R*=nx(12x107%)*m?
(a) Capacitance,
c=f4
d
_ 885x1072 xn x(12 x1072)2

5x10™
=80.1x107"? F = 80.1 pF

Now the charge at any instant on a capacitor
plate is

q=CV
. 99 5@, 4V
dt  dt

Thus the rate of change of potential difference
between the plate is

av _1

dt C
015
80.1x10712

=1.875x10° Vs
(b) From the property of continuity,
Displacement current = Conduction current
Ip=1=015A
(c) As the sum (I + I)is continuous, so the Kirchhoff’s

first law is valid at capacitor plate if the current in the law
is the sum of conduction and displacement currents.
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8.2, A parallel plate capacitor made of circular plates each of

radius R =60 cm has a capacitance C = 100 pF. The capacitor
is connected to a 230 V a.c. supply with a (angular) frequency of
300 rads™".,

(a) What is the rims 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.

—)0-

230 V, 50 Hz
f 201

—~

S

Fig. 8.14

Ans. Here R=6.0cm , C=100pF=10"" F
Vs =230V, ©=300rads™
(@) Impedance of the capacitor is
£ 5
e
v,

{ =—£:

Xc

=V, - ©C
=230x300x1071°A
=69x10°A =6.9pA.
(b) Yes, the conduction current is equal to the
displacement current even if [ is oscillating in time.

(c) The formula
pete Ty Mg T
2t R P 2 R?
is valid even if I}, (and hence B) oscillates in time. The
formula shows that B and [}, are in phase.

Ho
Hence BO:E%FID

where B, and I, are the amplitudes of the oscillating
magnetic field and current, respectively.
Now  I;=+v21,, =vV2x691 A=976p A

lef;}_"Jr x3x1072 x9.76x10_6
% —
(6x107%)

=1.63 x107 11T,
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8.3. What physical quantity is the same for X-rays of
wavelength 107 red light of wavelength 6800 A and
radiowaves of wavelength 500 m ?

Ans. The wave speed in vacuum is the same for
all radiations : ¢ =3x10%ms™.

8.4. 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 ?

Ans. The electric and magnetic field vectors Eand B

of an e.m. wave must be perpendicular to each other and
also to the direction of propagation of the wave. Hence

and B
perpendicular directions.
Frequency, v =30MHz =30 x10° Hz

. Wavelength, A =— =
8 v 30x10°

vectors E lie in x-y plane in mutually

10 m.

8.5. A radio can tune to any station in the 7.5 MHz to
12 MHz band. What is the corresponding wavelength band 2

Ans. Here v; =75MHz =75 x 10° Hz,
v, =12MHz =12 10° Hz

Ll:“'l
3x10°
T75x10°
)
=y
3x10°
T12x10°

Thus the wavelength band is 40 m — 25 m.

8.6. A charged particle oscillates abouts its mean
equilibrium position with a frequency of 10° Hz. What is the
frequency of the electromagnetic waves produced by the
oscillator ?

Ans. According to Maxwell, a charged particle
oscillating with a frequency of 10° Hz, produces electro-
magnetic waves of the same frequency 10° Hz.

8.7. The amplitude of the magnetic field part of a harmonic
electromagnetic wave in vacuum is By =510 nT. What is the
amplitude of the electric field part of the wave ?

Ans.Here B, =510nT =510x107'T
Amplitude of the electric field,
Ey = cB,
=3x10% x510x10°°
=153NC .
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8.8. Suppose that the electric field amplitude of an
electromagnetic wave is ;=120 NC” Yand that its frequency is
v=50.0 MHz. (a) Determine, B,, o,k and A. (b) Find

expressions for Eand B.
Ans. Here E; =120 NC,
v =50.0 MHz =50 x 10°Hz

120 NC!
() By =2 = 2207

7
=7sl = =4xm T.
¢ 3x10°ms

©=2nv =2 x3.14 x 50 x 10°
= 3,14 x10° rad s7*.

o @ 3UxI0® o
c SXIOE
IIRELS S
v 50x105

(b) If the wave is propagating along x-axis, then field
E will be along y-axis and field B along z-axis.
gy 8

E = Esin (kx - of)
or E =120sin (1.05x - 3.14 x 10%) j NC™!
where x is in metre and t in second.
B = B,sin (kx - of) k
= 4x10 7 sin (1.05x —3.14 x10°1) ] tesla.

89. 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
em spectrum. In what way are the different scales of photon
energies that you obtain related to the sources of electromagnetic
radiation ?

Ans. Photon energy for A =1m, is given by

_he

8

_ 6.63 x107# x3x10°
1

E=hv

J

_ 6.63x107* x3x10°

eV
1.6x107°

=12.43x107eV
=1.24x107°% eV

Photon energy for other wavelengths in the figure for
electromagnetic spectrum can be obtained by multiplying
appropriate power of ten, as indicated on next page.



| Wavelength (in m) | Energy of photon (in eV)

10%m 1.24 x10° eV
102m 1.24 x10% eV
10%m 1.24 x10% eV
5x107m 25eV

10°3m 1.24x10%eV
10m 1.24x107eV
10> m 1.24x10 %V

Energy of photon that a source produces indicates the
spacings of the relevant energy levels of the source. For
example, A=10"7m corresponds to photon energy
=1.24 x10% eV = 1.24 MeV. This indicates that nuclear
energy levels (transitions between which cause y-ray
emission) are typically spaced by 1 MeV or so. Similarly, a
visible wavelength A =5x107m corresponds to photon
energy =25eV. This implies that energy levels
(transitions between which give visible radiation) are
typically spaced by a few eV.

8.10. In a plane e.m. wave, the electric field oscillates
sinusoidally at a frequency of 2.0 x 10'° Hz and amplitude
48 V.

(a) What is the wavelength of a 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.
[CBSE OD 90]

Ans. (a) Wavelength,
¢ 3x10°

v 20x10"
=1.5%102 m.

48
®) Bn=%=3x103

=1.6x107T.

e

(c) Average energy density of E field,
1
He = —
E= 3% 5
Average energy density of B field,

u ——1
= 2,

But E, = ¢ a.m:lt:2=L
o= Kogp
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I |
”E=ESOE§=ZED{CBD)Z
1 1 1
=—g.—.B =—— By =up,
480 Mo % 4110 B

8.11. Suppose that the electric field part of an electro-
magnetic wave in vacuum is

E = (3.1N/C) cos [(1.8 rad/m) y + (5.4 % 10® radls) #] i
(a) What is the direction of propagation ?
(b) What is the wavelength 1.7
(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.

Ans. (a) The wave is propagating along negative
y-direction or its direction is — .

(b) Comparing the given equation with the standard

equation,
E = E, cos |:2'.'t {%+vf]j|
we get, s 18
A
. Wavelength,
pa kw2200 e,
18 18

(¢) Also, 2nv = 5.4 x 10°
o 534x10° 54x10°

= =859 x1
2 2x314 x10° Hz
= 86 MHz
_E_ 3iINc!
@ B ¢ 3x10° ms™
=103x10°T =10.3 nT.
0] B = B, cos (ky + wt) ¥

=(103nT)cos [(1.8rad /m)y
+(5.4x10% rad/s) ] k.

8.12. 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 ?
Ans. The bulb, as a point source, radiates light in all

directions. At a distance of r m, the surface area of the
surrounding sphere,

A=4nr?



ELECTROMAGNETIC WAVES

.. Average Intensity
_ Energy / time
Area

_ Power
Area

_ Power

4n?
(a) Average intensity of visible radiation at a
distance of 1 m
_ 5%of 100 W
4n(1m)’

=04 Wm™>

() Average intensity of visible radiation at a
distance of 10 m

_ 5%of 100 W
4 (10 rn]‘
8.13. Use the formula ., T=029cnK to obtain the

characteristic temperature ranges for different parts of the e.m.
spectrum. What do the numbers that you obtain tell you ?

-=0.004 Wm

Ans. A body at temperature T produces a continuous
spectrum. For a black body, the wavelength corres-
ponding to maximum intensity of radiation is given by
Wien's law :

0.0029

2, IT=029emK=00029mK . T= 7 K

From the above formula, the temperatures for
various wavelengths of the e.m. spectrum will be as

follows :
Bort of the . | Wawelength ':T‘
Spectrum (Am in m) [¢8
1. | y-rays 10712 29 % 10®
2. | X-rays 10710 29 x 10°
3. | Ultraviolet 3x107 10*
4. | Visible 5x107% 6x10°
5. | Infrared 3x107° 10
6. | Microwaves 3x107° 1
7. | Radiowaves 1 29x107*

These numbers tell us the temperature ranges
required to produce e.m. radiations of dlfferent wave-
lengths. To produce visible radiation of A =5 x 107 m, we
need to have source at a temperature of 6000 K. A source
at lower temperature will also produce this wavelength
but not with maximum intensity.

8.14. Given below are some famous numbers associated
with electromagnetic radiation in different contexts in
physics. State the part of the e.m. 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).
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(c) 27 K (temperature associated with the isotropic
radiation filling all space-thought to be a relic of the
‘big-bang’ origin of universe).

(d) 5890 A — 5896 A (doublet lines of sodium).

(€) 14.4 keV (energy of a particular transition) in Fe>
nucleus associated with a famous high resolution
spectroscopic method (Mossbauer spectroscopy).

Ans. (@) Radiowave (short wavelength end).

(b) Radiowave (high frequency or short wavelength
end).

(c) Here T=27K
By Wien's law,
Ay T=029em K
~ 029em K
27K

This wavelength lies in the microwave region of the
e.m. spectrum.

=0.11cm

(d) Yellow part of the visible region of the e.m.
spectrum.

() Here E=144keV=144x10°x1.6x10"]

As E=hv
—16
W et AR o st
h 66x10

This frequency lies in the X-ray or soft y-ray region of
the e.m. spectrum,

8.15. Answer the following questions :

(a) Long distance radio broadcasts use short-wave

bands. Why 7 [CBSE D 05]

(b) It is necessary to use satellites for long distance TV

transmission. Why ? [CBSE D 05]

(c) Optical and radiotelescopes are built on the ground

but X-ray astronomy is possible only from satellites

orbiting the earth. Why ? [CBSE OD 09]

(d) The small ozone layer on top of the stratosphere is
crucial for human survival. Why ?

[CBSE D 14 ; OD 09]

() If the earth did not have an atmosphere, would its

average surface temperature be higher or lower than

what it is now ? [CBSE D 14]

() 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 ? [CBSE OD 95]

Ans. (a) It is because the radiowaves of shortwave
band are easily reflected back to the earth by the
ionosphere.
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(b) TV signals being of high frequency are not
reflected by the ionosphere. Also, ground wave
transmission is possible only upto a limited range.
That is why satellites are used for long-distance TV
transmission.

(¢) The earth’s atmosphere is transparent to visible
light and radiowaves but it absorbs X-rays. X-ray
astronomy is possible only from satellites orbiting the
earth. These satellites orbit at a height of 36,000 km, where
the atmosphere is very thin and X-rays are not absorbed.

(d) Ozone layer absorbs ultraviolet radiation from the
sun and prevents it from reaching the earth and causing
damage to life.

PHYSICS-XII

() The earth radiates infrared waves which are
reflected by the gases in the lower atmosphere. This
phenomenon, called Green house effect, keeps the earth
warm. So if the earth did not have atmosphere, its average
temperature would be low due to the absence of Green
house effect.

(f) The clouds produced by a global nuclear war
would perhaps cover substantial parts of the sky
preventing solar light from reaching many parts of the
globe. This would cause a ‘nuclear winter’.



Text Based Exercises

lq'YPE A : VERY SHORT ANSWER QUESTIONS (1 mark each)

1.

o]

Ll

un

Name the scientist who first predicted the existence
of electromagnetic waves.

Name the Indian scientist who first produced the
electromagnetic waves.

What is displacement current ?
Write the SI unit of displacement current.

What modification was made by Maxwell in
Ampere circuital law ? [Haryana 94]

6. Write an expression for the displacement current.

~]

10.

i ¥

12.

13.

Does the displacement current satisfy the property
of continuity ?

The charging current for a capacitor is 0.25 A. What
is the displacement current across its plates ?

Distinguish between conduction current and
displacement current.

Name the laws associated with the following
equations :

0§ E.d =i (ii) § E’.d’l’=—%§ B.dS

(iii) § B.d3 =|.1080-;—t§ E.dS.

Can we apply Maxwell’s equations to different
types of media, like dielectrics, conductors,
plasmas, etc ?

Are the Maxwell’s equations true for arbitrary high
and low values of E. - E,q, 1?

Write down Maxwell’s equations for steady electric
field.

[Haryana 93]

14,

15:

16.

174

18.

19.

20.

K

Write down Maxwell’s equations for steady
magnetic field.

Which of the four Maxwell’s equations shows that
electric lines of force cannot form closed loops ?
Which of the four Maxwell’s equations shows that
magnetic lines of force cannot start from a point nor
end at a point ?

If magnetic monopolies existed, which of the four
Maxwell’s equations be modified ?

A capacitor has been charged by a dc source. What
are the magnitudes of conduction and displacement
currents, when it is fully charged ? [CBSE D 13]
A capacitor is connected to an a.c. source. Is the
conduction current in connecting wires equal to the
displacement current in the capacitor ?

What are electromagnetic waves ?

Write an expression for the speed of e.m. waves in
free space.
For an electromagnetic wave, write the relationship
between amplitudes of electric and magnetic fields
in free space. [CBSE OD 94 ; D 95]
State two characteristics of an electromagnetic
wave. [CBSE D 98C ; Punjab 02]
Can we produce a pure electric or magnetic wave in
space ?

[Haryana 98]

Is the light emitted by an ordinary electric lamp an
electromagnetic wave ?

Name the basic source of electromagnetic waves.

7. A plane electromagnetic wave travels in vacuum

along x-direction. What can you say about the
directions of electric and magnetic field vectors ?

[CBSE D 11]
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28.

29,

30.

5
o

!

39.

40.

41.

42,

43.

46.

47.

What are the directions of electric and magnetic
field vectors relative to each other and relative to
the direction of propagation of electromagnetic
waves ? [CBSE OD 12]

What was the range of wavelengths of e.m. waves
produced by Professor J.C. Bose ? [CBSE D 93C]

What was the range of wavelengths of electro-
magnetic waves produced by Hertz ?

. Name the scientist who first set up the transmitter

and receiver of electromagnetic waves.

. What is the significance of the year 1887 in the

history of radio communication ?
What is electromagnetic spectrum ?
Name the electromagnetic waves that have

frequencies greater than those of ultraviolet light
but less than those of gamma rays.  [CBSE D 04C]

[Haryana 97]

. What is approximate wavelength range for visible

spectrum ? [Haryana 99C]

. Write the frequency limit of visible range of

electromagnetic spectrum in kHz. [CBSE D 98]

. Name the electromagnetic radiation which has the

largest penetrating power.  [CBSE OD 99 ; D 2000]

. Name the electromagnetic radiation to which the

following wavelengths belong :

(@) 1072 m (b) 1A. (CBSE D 06C)

What is approximate wavelength of X -rays ?
[CBSE OB 90]
Name the part of electromagnetic spectrum whose
wavelength lies in the range of 107'° m. Give its one
use. [CBSE OD 10]

Arrange the following in descending order of
wavelength : X-rays, Radiowaves, Blue light,
Infrared light. [CBSE OD 10]
Which of the following has the shortest
wavelength : microwaves, ultra-violet rays and
X-rays ? [CBSE OD 10]
Arrange the following in the descending order of
wavelengths : y-rays, infrared rays, microwaves,
yellow light, radio waves. [CBSE D 13C]
Arrange the following e.m. radiations in the
increasing order of frequency : X-rays, radiowaves,
ultra-violet light, blue light, red light and infrared
light. [CBSE D 98]

. What is common between different types of e.m.

radiations ?

Give the wavelength range and frequency range of
y-rays. _

What is the order of magnitude of the frequency of
vibration of the longest and shortest waves in the
electromagnetic spectrum ?

48.

49.

50.
51.

a2,

61.

63.

65.

8.37

Name the electromagnetic radiations used for
viewing objects through haze and fog.

[CBSE D 97, 04]
Name the part of the electromagnetic spectrum
which is used in ‘green houses’ to keep plants
warm. [CBSE OD 95C]
What is ‘greenhouse effect’ ? [CBSE F 94 C]
Which part of electromagnetic spectrum is absorbed
from sunlight by ozone layer ? [CBSE D 10]
Name the part of the electromagnetic spectrum
suitable for radar systems used in aircraft
navigation. [CBSE D 04, 09, 10 ; F 12]

What are microwaves ? [Haryana 96]
Name the different layers of the earth’s atmosphere.

. Which layer of the earth’s atmosphere is useful in

long distance raﬁg transmission ?
What is the cut-off frequency beyond which the
ionosphere does mnot reflect electromagnetic
radiations ? [CBSE OD 94C)
What is the range of wavelength of television
broadcast. [CBSE F 95]
What type of waves are used in telecom-
munication ?
What is the nature of the waves used in radar ?
What is their wavelength range ?
[CBSE Sample Paper 1997]
Name the part of the electromagnetic spectrum of
wavelength 10> m and mention its one application.
[CBSE D 08]
Name the part of the electromagnetic spectrum of
wavelength 102 m and mention its one application.
[CBSE D 08, 09

. Identify the part of the electromagnetic spectrum to

which the following wavelengths belong :
(i) 1 mm (i) 10" m. [CBSE OD 08]
Identify the part of the electromagnetic spectrum to
which the following wavelengths belong :
(i) 107 m ; (i) 1072 m [CBSE OD 08]
From the following, identify the electromagnetic
waves having the (i) Maximum, (if) Minimum
frequency.
(/) Radiowaves
(iii) Visible light
(v) Ultraviolet rays, and (vi) Infrared rays.
[CBSE Sample Paper 08]
Name the characteristic of electromagnetic waves
that : (i) increases ; (if) remains constant in the
electromagnetic spectrum as one moves from
radiowave region towards ultraviolet region.
[CBSE Sample Paper 08]

(f) Gamma-rays
(iv) Microwaves
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66. State which of the two ratios, a and B, defined 71. The frequency of oscillation of the electric field

below, is greater than or less than unity : vector of a certain e.m. wave is 5 x 10'* Hz. What is
L V¥-ray B A icible the frequency of oscillation of the corresponding
Visoared ! A microwaves [CBSE D 07C] magnetic field vector and to which part of the

, electromagnetic spectrum does it belong ?

67. The frequency values, v; and v,, for two spectral (CBSE OD 08]
lines of the e.m. spectrum, are found to be 5 x 107 ) ) o
Hz and 2.5 x 10" Hz respectively. Find the ratio, 72. Write the following radiations in ascending order
A, [ &, of their wavelengths. [CBSE OD 07C] in respect of their frequencies :

68. The wavelength values, A, and 2, of two spectral X-rays, microwaves, UV rays and radiowaves.
lines, of the e.m. spectrum, are 1800 nm and 0.12 nm [CBSE D 09]
respectively. Calculate the ratio v, /v, of their =~ 73. Name the EM waves used for studying crystal
frequencies. [CBSE OD 07C] structure of solids. What is its frequency range ?

69. The bombardment of a metal target, by high energy {CBSE OD 09]
electrons, can result in the production of e.m.  74. Name the eleciromagnetic waves which (f) maintain
waves. Name these waves. [CBSE D 08C ; F09] the earth’s warmth and (if) are used in treatment of

70. Special devices, like the_Klystron valve or the canicer tagours. [CBSEF12]
magnetron valve, are used for production of 75. To which part of the electromagnetic spectrum
electromagnetic waves. Name these waves and also does a wave of frequency (i) 5x 10¥Hz (i)
write one of their applications. [CBSE D 08C ; F09)] 3x10'*Hz (i) 5%10' Hz belong ?  [CBSE OD 14]

Answers v
1. James Clerk Maxwell. (fif) Modified Ampere’s law, the term on the right
2. ].C. Bose. hand side is Maxwell’s displacement current.
3. Displacement current is that current which comes  11. Yes, Maxwell’s equations are universally valid.

into existence, in addition to the conduction = 12. Yes.
current, whenever the electric field and hence the : > g ? i
electric flux changes with time. 13. U)§ E.d5 = g (@) ; E.d =0
4. The SI unit of displacement currt:;;tlsampere{)\). 1. (*}§ B X0 (“}'j‘ -
5. A displa t current, [, =g — = dded t
pacmen S p=% dt S 15. Faraday’s law of electromagnetic induction i.e.,
the current term of Ampere circuital law to make it oy =3 diy
logically consistent so that the modified form of I Bl == T
Ampegiasireuiglaw is shows that electric lines of force cannot form closed
[ Bl =p, 1o+ 1) lpoes:,
E=
d 16, Gauss’s law of magnetostatics i.e., B .dS =0
6. Displacement current, I, =g, . Sy ‘[
dt dt shows that magnetic lines of force always form
7. Yes, the sum of displacement and conduction closed loops.
; 3 - =3
currents remains constant along a closed path. 17. [ B .dS = 0. This equation is based on the fact that

10.

According to the property of continuity,
Displacement current = Charging current = 0.25 A.

Conduction current is due to the flow of electrons
in a circuit. It exists even if electrons flow at a
uniform rate. Displacement current is due to
time-varying electric field. It does not exist under
steady conditions.

(i) Gauss law of electrostatics.
(if) Faraday's law of electromagnetic induction.

magnetic monopoles do not exist. If they exist, then
R.H.S. would contain a term representing pole
strength of the monopole, similar to Gauss law in

electrostatics.

3 = d¢5 s
Also, equahonj E.dl =- Y would be modified.
An additional term I representing the current due
to flow of magnetic charges would have to be
included on R.H.5.
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18.

19.
20.

24,

26.

27.

28.

29,

30.

31.
32.

33

35.

36.

37.

When the capacitor gets fully charged,
Conduction current = Displacement current =0
Yes.
Electromagnetic waves are the waves radiated by
accelerated charges and consist of sinusoidally
varying electric and magnetic fields, the oscillations
of the two fields are mutually perpendicular to each
other as well as to the direction of the propagation
of the waves.

. The speed of an electromagnetic wave in free space

is
1

VHo & .
The ratio of the amplitudes of electric and magnetic
fields equals the speed of light.

E 1

B Jrom

(a) The electromagnetic waves travel in free space
with a speed of 3x10° m /s.

=

(b) They are transverse in nature.

No, it is not possible.

Yes, it is an e.m. wave.

An electric dipole is a basic source of electro-
magnetic waves.

Electric field vectors are along i+/z- direction and
magnetic field vectors are along z-/y-direction.
The directions of electric and magnetic field
vectors are perpendicular to each other as well as
to the direction of propagation of electromagnetic
waves.

J.C. Bose was able to produce e.m. waves of the
wavelength ranging from 25 mm to 5 mm.

Hertz was able to produce e.m. waves of
wavelength around 6 m.

Hertz.

It was in the year 1887 that a German physicist,
Heinrich Hertz, succeeded for the first time in
producing and detecting e.m. waves of wavelength
around 6 m.

The orderly distribution of electromagnetic radiations
of all types according to their wavelength or fre-
quency into distinct groups having widely differing
properties is called electromagnetic spectrum.
X-rays.

The wavelength range for the \ris.ible part ?f the
electromagnetic spectrum is 3900 A to 7600 A

The frequency range for the visible part of the e.m.
spectrum is 4 x 10" kHz to 7.7 x 10! kHz.

y-rays have the largest penetrating power.

38.
39.

40.
41.

42,
43.

46.

47.

49,

52.
53.

85,

57.

58.
5.

61.
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(a) Microwaves (b) X-rays.

The approximate wavelength range for X-rays is
0.1A-100 A.

X-rays. These are used in medical diagnosis.

In the descending order of wavelength,
Radiowaves > Infrared light > Blue light > X-rays
X-rays.

In the descending order of wavelength, we have
Radiowaves, infrared rays, red light, yellow light,
y-rays.

In the increasing order of cy, we have
Radiowaves, infra-red light, red light, blue light,
ultra-violet light, X-rays, y-rays.

. All e.m. radiations have transverse wave nature

and travel with the same speed of 3 x 10° ms™! in
free space.

Wavelength range of y-rays is from 0.01 to 1.4 A and
frequency range is from 10" to 10* Hz.
Frequency of vibration of longest waves (radio-
waves) is of the order of 10° Hz. Frequency of
vibration of shortest waves (y-rays) is of the order
of 10" to 10** Hz.

Infra-red radiations.

Infra-red radiation.

Greenhouse effect is the phenomenon which keeps
the earth’s surface warm at night. The earth reflects
back infrared part of solar radiation. Infrared rays
are reflected back by low lying clouds and lower
atmosphere and keep the earth’s surface warm at
night.

. Ozone layer absorbs ultraviolet radiation coming

from the sun.
Microwaves.

Microwaves are e.m. waves of wavelength range
10”m to 0.3 m.

Earth’s atmosphere can be divided into four layers.
These are :

(i) Troposphere  (ii) Stratosphere
(1ii) Mesosphere (iv) Ionosphere.
lonosphere.
Ionosphere  cannot  reflect electromagnetic

radiations having frequency higher than 40 MHz.
The em. waves used in T.V. broadcast have
wavelength range from 1.36 m to 3 m.

Microwaves.

Microwaves. These are electromagnetic waves of
the wavelength range 10°m to 0.3 m.

Radiowaves, used in radio and
communication.

Microwaves, used in microwave ovens.

television
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62.
63.
64.

65.

67.

(i) Microwaves,
(1) Radiowaves,

(if) Gamma rays.

(if) Gamma rays.

(i) Gamma-rays have the maximum frequency.

(#) Radiowaves have the minimum frequency.

(i) The frequency of the electromagnetic waves
increases.

(if) The speed of the electromagnetic waves remains
constant (c=3 x lﬂgms‘l).

a>landp<1
N %
v
1
=%=5X10-10-
5x10
vi A 012 1
v, A 1800 1500

69.
70.
71

PHYSICS-XII

X-rays, used in medical diagnosis.

Microwaves, used in microwave ovens.

Frequency of oscillation of the magnetic field vector
=5x10" Hz

This frequency belongs to the visible region of the
e.m. spectrum.

. Radiowaves < Microwaves < UV-rays < X-rays.

. X-rays are used to study crystal structure. Their

frequency range is from 10'® Hz to 10" Hz.

(1) Infra-red radiation
(i) Gamma rays.

(1) X-rays/y-rays
(1i) infra-red radiation

(iif) microwaves.

l"YPE B : SHORT ANSWER QUESTIONS (2 or 3 marks each)

1

What is displacement current ? Why was this
concept introduced ?

State and explain Maxwell’s modification of
Ampere’s law. [HPB 1997]

Give four characteristics of displacement current.

Explain how one ‘observes an inconsistency’ when
Ampere’s circuital law is applied to the process of
charging a capacitor.
How this ‘contradiction’ gets removed by
introducing the concept of an ‘additional current’,
known as the ‘displacement current’ ?

[CBSE SP 15]
Write the generalised expression for the Ampere’s
circuital law in terms of the conduction current and
displacement current. Mention the situation when
there is : (i) Only conduction current and no
displacement current (ii) Displacement current and
no conduction current. ‘[CBSE F 13]

(@) A capacitor is connected in series to an
ammeter across a d.c. source. Why does the
ammeter show a momentary deflection during
the charging of the capacitor ? What would be
the deflection when it is fully charged ?

(b) How is the generalized form of Ampere’s
critical law obtained to include the term due to
displacement current ? [CBSE OD 14C]

Conduction and displacement currents are

individually discontinuous, but their sum is

continuous. Comment. [Haryana 93, 94]

State Maxwell equations. [CBSE D 92C)

10.

1.

16.

17.

18.

Briefly explain how Maxwell was led to predict the
existence of electromagnetic waves.

How can we express mathematically a plane

electromagnetic wave propagating along X-axis ?

Also represent it graphically.

(@) Ane.m. wave is travelling in a medium with a
velocity 7 =vi. Draw a sketch showing the

propagation of the e.m. wave, indicating the
direction of the oscillating electric and
magnetic fields.

(b) How are the magnitudes of the electric and
magnetic fields related to the velocity of the
e.m. wave ? [CBSE D 13]

Briefly explain, how does an accelerating charge act

as a source of an electromagnetic wave ?

. Briefly describe the work of Maxwell and Hertz in

the field of electromagnetic waves.  [CBSE D 97C)
What were the contributions of ].C. Bose and
Guglielmo Marconi in the field of radio
communication ?

Give a brief history of the observation of
electromagnetic waves, [Punjab 91 ; Haryana 97]
Show that electromagnetic waves are transverse in
nature.
Obtain an expression for the energy density of an
electromagnetic wave.

[Haryana 01]

In an electromagnetic wave, show that the energy
density of the E-field equals the energy density of
the B-field.
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19. Define intensity of an electromagnetic wave. Select the wavelength range and name the
Obtain an expression for it. electromagnetic waves that are :

20. Write expressions for (i) linear momentum and (i) widely used in the remote switches of house-
(if) pressure, exerted by an e.m. wave on a surface. hold electronic devices.

21. State four basic properties of electromagnetic (if) produced in nuclear reactions. _
waves. [CBSE OD 95 ; Punjab 97, 01] [CBSE D 08C]

22, Give two characteristics of electromagnetic waves. ~ 32. Name the electromagnetic radiations having the
Write the expression for the velocity of electro- wavelength range from 1 nm to 107 nm. Give its
magnetic waves in terms of permittivity and two important applications. [CBSE F 09]
magnetic permeability. [CBSED93C]  33. Name the electromagneticl radiation3 having the

23. What is meant by electromagnetic spectrum ? Give waw':length range ffom_ 107" m to 10~ m. Gwe its
Fl S [Punjab 99C] two important applications. [CBSE D 09]

24. Write one property and one use each of infrared 4. Nm‘; the EIMOT:JMC radiations havu'fg t!le
rays, ultraviolet rays and radiowaves. [Punjab 02] wav' ength rapge % m W G- Cive is

) two important applications. [CBSEF 09]

25. Draw a sketch of electromagnetic spectrum, s & - AT ic cadiati
showing the relative positions of UV, IR, X-rays <o - TTangs dine rdOMI;g -ec:rromagn f“hc_ tadistions
and microwaves with respect to visible light. State " .asce.n g © e‘i_o .n e
approximate wavelength of any two.  [ICSE 2000] () Microwave  (ii) Radiowave

26. Briefly describe any four regions of the (iif) X-rays (iv) Gamma rays. [CBSE D 10]
electromagnetic spectrum, mentioning their special ~ 36. Answer the following questions : [CBSE D 14]
properties/features. [ICSE 2002} (a) Name the e.m. waves which are produced

27. What are microwaves ? Give their any one use: dul:'mg radioactive decay of a nucleus. Write

[Haryana 98] their frequency range.

28. What is meant by the transverse nature of () Welders wear special glass goggles while
electromagnetic waves ? Draw a diagram showing working. \.N’hy ? Explain.
the propagation of an electromagnetic wave along (c) Why are infrared waves often called as heat
the x-direction, indicating clearly the directions of waves ? Give their one application.
the oscillating electric and magnetic fields 37 Answer the following :
associated with it. [CBSE OD 08] (@) Name the e.m. waves which are used for the

20, Identify the following electromagnetic radiations as treatment of certain forms of cancer. Write
per the wavelengths given below. Write one their frequency range.
application of each. (b) Thin ozone layer on top of stratosphere is
(@) 1 mm (b) 10°nm (©)10%m [CBSE OD 08] crucial for human survival. Why ?

30. Identify the following electromagnetic radiations as (c) Why is the amount of the momentum
per the frequencies given below. Write one transferred by the e.m. waves incident on the
application of each. surface so small ? [CBSE D 14]
@ 10°°Hz (b) 10°Hz (c) 10" Hz. [cBSEOD0s]  38. Answer the following questions :

31. The following table gives the wavelength range of (a) Show, by giving a simple example, how e.m.
some constituents of the electromagnetic spectrum : waves carry energy and momentum.

= _ (b) How are microwaves produced ? Why is it
Wavelength range necessary in microwave ovens to select the
1. 1 mm to 700 nm frequency of microwaves to match the
2. 400 1ixi %o, 1. nip resonant frequency of water molecules ?
3 1 nm to 10 nm [CBSE D 14C]
4. <103 nm
Answers ¥
1. Refer answers to Q.3 and Q.5 on page 8.38. 3. Refer answer to Q.4 on page 8.3.
2. Refer answer to Q.1 on page 8.1. 4. See property of continuity in Q.1 on page 8.2.
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5:

O 00 9

11.

7
13.
14.

15.
16.
17
19.
20.
a1,
22,
23.
24,

I\JE\J!}

~1

Modified Ampere’s circuital law is

§ EEI 3“0[%*%%}

(i) In the connecting wires,

bp=0s01,=0
There is only conduction current,
dq
L=—.
47 at
(if) In the region between the capacitor plates,
4 = 0
and]d=aoﬁ£= ii :E‘i_
dt dt\g, ) dt

. Refer to the solution of Problem 1 on page 8.24.

. See property of continuity in Q.1 on page 8.2.

. Refer to point 3 of Glimpses.

. Refer to solution of Problem 4 on page 8.24.

. Refer to point 4 of Glimpses, see Fig. 8.5 on page 8.7.

(a) See Fig. 8.5 on page 8.7. (b) c= %

Refer answer to Q. 6 on page 8.8.

Refer answer to Q. 8 on page 8.10.

Refer answer to Q. 8 on page 8.10.

Refer answer to Q. 8 on page 8.10.

Refer answer to Q. 9 on page 8.10.

18.  Refer answer to Q. 10 on page 8.11.
Refer answer to Q. 11 on page 8.11.

Refer answers to Q. 12 and Q. 13 on page 8.11.
Refer to solution of Problem 5 on page 8.24.
Refer answer to Q. 14 on page 8.12.

Refer answer to Q. 15 on page 8.16.

(i) Infrared rays produce heating effect. They are
useful in haze photography.

(if) Ultraviolet rays cause tanning of human skin.
They are used in the study of molecular
structure.

(iif) These are the em. waves of longest
wavelength. They are used in radio and TV
transmissions.

Refer answer to Q. 15 on page 8.16.

. Refer answer to Q. 15 on page 8.16.

Refer answer to Q. 15 on page 8.16.

The directions of oscillations of E and B fields are

perpendicular to the direction of propagation of
e.m. waves. So these waves are transverse in nature.

29.

30.

31

36.

37.

38,
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(@) Microwaves, used in radar systems for aircraft
navigation.

(b) y-rays, used in the treatment of malignant
tumours.

(c) Ultraviolet rays, used in food preservation.

(@) X-rays, in the study of crystal structure.

(b) Radiowaves, in radio
communication systems.

and television

(c) Microwaves, in microwave ovens.
(/) 1 nm to 700 nm, infrared radiations.
(if) A < 10" * nm, Gamma rays.

. X-rays. They are used in

() medical diagnosis and

(if) in the study of crystal structure.
Microwaves. They are used

(i) in radar systems and (i) in microwave ovens.
Infrared radiations. They are used

(i) in remote control devices and

(i7) in haze photography.
The radiations in ascending order of frequencies
are :
Radiowaves < Microwaves < X-rays < Gamma rays

(a) y-rays. Range : 10”Hz to 10 Hz

(b) Welders wear special glass goggles to protect
their eyes from large amount of harmful UV
radiation produced by welding arc.

(c) Infrared waves incident on a substance
increase the internal energy and hence the
temperature of the substance. That is why they
are also called heat waves.

Infrared waves are used in remote control of
TV, in green houses, in the treatment of
muscular complaints, etc. '

(a) X-rays/y-rays. Range : 10"® Hz to 10* Hz.

(b) Ozone layer absorbs ultraviolet radiation from
the sun and prevents it from reaching the earth
and causing damage to life.

(c) If an e.m. wave transfers a total energy U to a

surface, then total momentum delivered to the

surface is

=
P-—c

[For complete absorption of energy U]

As the speed of light ¢ has a very large value,
so the value of momentum transferred is very
small.

(1) Consider a plane perpendicular to the
direction of propagation of the wave. An
electric charge, on the plane, will be set in
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motion by the electric and magnetic fields of

“em wave, incident on this plane. This
illustrates that e.m. waves carry energy and
momentum.

8.43

The frequency of microwaves is selected to
match the resonant frequency of water
molecules, so that energy is transferred
efficiently to the kinetic energy of the

(b) Microwaves are produced by special vacuum molecules.

tubes like the Klystron/Magnetron/Gunn
diode.

JTYPE C : LONG ANSWER QUESTIONS (5 marks each)

1. Describe Hertz's experiment for producing and
detecting electromagnetic waves. How did Hertz
experimentally establish that (i) e.m. waves are
transverse in nature, (if) e.m. waves travel with the
speed of light, and (iii) e.m. waves can be polarised ?

the generation of electromagnetic waves using this
set up. Explain how the electromagnetic waves are
detected. [CBSE D 06 ; OD 06C]

3. What is electromagnetic spectrum ? Name its main
parts, giving the frequency range and source of
production in each case. Also give one important
use of each part.

2. Draw a labelled diagram of Hertz's experimental
set-up to produce electromagnetic waves. Explain

Answers v

1. Refer answer to Q.7 on page 8.9. 3. Refer answer to Q.15 on page 8.16.

2. Refer answer to Q.7 on page 8.9.

..TYPE D : VALUE BASED QUESTIONS (4 marks each)

1. Two friends were passing through the market. ultraviolet rays because they are only aware of the

They saw two welders using welding machines.
One welder was using the goggles and face masks
with window in order to protect his face. The other
one was welding with naked eyes. They went to the
welder who was not using face mask and explained
him the advantages of goggles and masks. Next
day, the welder bought a set of goggles and began
to do his work fearlessly.

(a) What values were displayed by two friends ?

(b) Why do welders wear glass goggles or face
masks with glass windows while carrying out
welding ?

. Many people like to watch CID programme ona TV

channel. In this programme, a murder mystery is

shown. This mystery is solved by a team of CID
people. Each member of the team works with full
dedication. They collect information and evidences
from all possible sources and then tend to lead to
correct conclusion. Sometimes they also use
ultraviolet rays in the forensic laboratory. Some
people get surprised to know the advantage of

fact that ultraviolet rays coming from the sun

produce harmful effects.

(a) What values were displayed by the members
of CID team ?

(b) What is the use of ultraviolet rays in a forensic
laboratory ?

. Sonam'’s mother was heating food on a gas stove.

Her friend Payal came and saw her mother heating
food on the gas stove. Payal told Sonam’s mother,
“Why don’t you buy a microwave oven” ? Sonam’s
mother replied at once that she doesn’t like to use
microwave oven. Sonam and Payal convinced her
that microwave is not harmful for cooking food.
This is an easy, safe and efficient process. Sonam'’s
mother got convinced and immediately ordered for
a microwave oven.
(a) What were the valueg displayed by Sonam and
Payal ?
(b) Why does a microwave oven heat up a food
itern containing water molecules most efficiently ?
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Answers v
1. (a) Knowledge, creating awareness and social 3. (a) Caring and creating awareness.
responsibility. (b) This is because the frequency of the
(b) Welders wear special glass goggles or face microwaves matches the resonant frequency of
masks with glass windows to protect their eyes water molecules.

from large amount of harmful UV radiation
produced by welding arc.
2. (a) Team spirit, sense of responsibility and
awareness.
(b) UV rays are used in the detection of forged
documents, finger prints, etc.



COMPETITION SECTION

Electromagnetic Waves
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Displacement current. It is that current which
comes into existence (in addition of conduction
current) whenever the electric field and hence
the electric flux changes with time. It is equal to
g, times the rate of change of electric flux
through a given surface.
ds
I, =¢, % =g, A %

Modified Ampere circuital law. It states that the
line integral of the magnetic field B over a
closed path is equal to p, times the sum of
conduction current [. and the displacement
current (I,) threading the closed path.

§ B.dl =py (L +1p)

=|"o(1c - d_;f_}

The sum of conduction and displacement currents
has an important property of continuity i.e., the
sum remains constant along any closed path.

Maxwell's equations. These are as follows :
(i) Gauss law of electrostatics :

- =
=4
§ E.dS-So

(i1) Gauss law of magnetism :
- -
§ B.dS =0
(iii) Faraday’s law of electromagnetic induction :

— _’—_E.dﬁ—_i - =
}E.df_ 5 dt[} B.dS]

(iv) Modified Ampere’s circuital law :

f _é.;i‘E:pn[ I+ a“ﬂ}
dt

Electromagnetic wave. An electromagnetic
wave is a wave radiated by an accelerated
charge and which propagates through space as
coupled electric and magnetic fields, oscillating
perpendicular to each other and to the direction
of propagation of the wave.

Principle of production of electromagnetic
waves. An accelerated charge produces electric
and magnetic fields, which vary both in space
and time. The two oscillating fields act as
sources of each other and hence sustain each
other. This results in the propagation of an
electromagnetic wave through space.

Source of an electromagnetic wave. An accele-
rating charge produces electromagnetic waves.
An electric charge oscillating harmonically
with frequency v, generates electromagnetic
waves of the same frequency v. An electric
dipole is a basic source of electromagnetic
waves.

An LC-circuit containing inductance L and
capacitance C produces electromagnetic waves
of frequency,
e
2r~LC

Mathematical representation of electromagnetic
waves. For a plane electromagnetic wave of

frequency v, wavelength A, propagating along
(8.45)
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x-axis, the electric and magnetic fields may be (i) The oscillations of E and E fislds aie

Repmeeiied. millows: perpendicular to each other as well as to the

E =E, f = E, sin (kx — ot) f direction of propagation of the wave. So the
* e.m. waves are transverse in nature.

A - - -
=E, si.n|:2n[ %—vt )]; (iii) The oscillations of E and B fields are in
same phase.
=(F; sin [ Zn( ok )]f (iv) All electromagnetic waves travel in free
AT space with same speed c given by
E =E, =0 = 2 =3x10%ms ™’

and §=Bz§=805in(kx—mf)fc VHo o
In a material medium of refractive index n,
- B, sinliQr:( % i )}ﬁ the speed of an electromagnetic wave is
A given by
c

-yl 2x( 21 R T

B =B =0 (v) The ratio of the amplitudes of electric and
e magnetic fields is
Here Ej and B, are the amplitudes of the electric E__ 1
and magnetic fields respectively. B, = JHogo
Propagation constant, (vi) The electromagnetic waves carry energy as
ke 2n_o they travel through space and this energy is
S shared equally by the electric and magnetic

fields. The average energy of an electro-

8. Hertz's experiment. In 1888, Hertz succeeded in magnetic wave is

experimentally confirming the existence of
electromagnetic waves. By using oscillatory - ol 2 th
LC-circuits, he not only produced and detected e Lk S
electromagnetic waves, but also demonstrated

their properties of reflection, refraction, inter- 11. Momentum of an electromagnetic wave. If an
ference and polarisation and established beyond electromagnetic wave transfers a total energy U
doubt that light radiation has wave nature. He to a surface in time ¢, then total linear momen-
was able to produce e.m. waves of wavelength tum delivered to the surface is p= u
around 6 m. e
9, Contributions of J.C. Bose and Marconi. In 1895, 12. Intensity Of_ an elecr.romagnetic “‘Vaf’e' :The
Sir J.C. Bose succeeded in producing and energy crossing per unit area per unit time in a
observing electromagnetic waves of much direction perpendicular to the direction of
shorter wavelength (25 mm to 5 mm). propagation of the wave is called intensity of
In 1896, Guglielmo Marconi succeeded in trans- theways: )
mitting electromagnetic waves over distances of Intensity = Energy /time _ Power
many kilometres. His experiments marked the Area Area
beginning of radio communication. For an e.m. wave of average energy density u,
10. Basic properties of electromagnetic waves. I=uc
These are 2 Also, I=%EDEUZC=EUE“2TSC
(/) The e.m. waves are produced by accele-
rated charges and do not require any and 1=L 302 c= 1 Brfm c

medium for their propagation. 21 Ho
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13. Electromagnetic spectrum. The orderly distri- 1072A or 1072 m to 10®m are y-rays, X-rays,

bution ' of the electromagnetic waves in
accordance with their wavelength or frequency.
into distinct groups having widely differing
properties is called electromagnetic spectrum.
The main parts of an electromagnetic spectrum
in the order of increasing wavelength from

ultraviolet rays, visible light, infrared rays,
microwaves and radiowaves. The different parts
of the e.m. spectrum differ in their methods of
production and detection.
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