m Node-6\E:\Data\ 2014\Kota\JEE-Advanced\SMP\Phy\Unit No.-10\EMI & AC\English\04 EMW Theory.pé5

JEE-Physics
ELECTROMAGNETIC WAVES

INTRODUCTION

A changing electric field produces a changing magnetic field and vice versa which gives rise to a transverse wave
known as electromagnetic waves. The time varying electric field and magnetic field mutually perpendicualr to
each other are also perpendicualr to the direction of propogation.

Thus the electromagnetic waves consist of sinusoidally Y E,

time varying electric and magnetic field acting at right
angles to each other as well as at right angles to the o\ s v, c

"
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HISTORY OF ELECTROMAGNETIC WAVES
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In the year 1865, Maxwell predicted the electromagnetic waves theoretically. According to him, an accelerated
charge sets up a magnetic field in its neighborhood.

In 1887, Hertz produced and detected electromagnetic waves experimentally at wavelength of about 6m.
Seven year later, J.C. Bose became successful in producing electromagnetic waves of wavelength in the range
5mm to 25mm.

In 1896, Marconi discovered that if one of the spark gap terminals is connected to an antenna and the other
terminal is earthed, the electromagnetic waves radiated could go upto several kilometers.

The antenna and the earth wires are connected to the two plates of a capacitor which radiates radio frequency
waves. These waves could be received at a large distance by making use of an antenna earth system as
detector.

Using these arrangements; in 1899 Marconi first established wireless communication across the English channel
i.e., across a distance of about 50 km.

CONCEPT OF DISPLACEMENT CURRENT

When a capacitor is allowed to charge in an electric circuit, the current flows through connecting wires. As
capacitor charges, charge accumulates on the two plates of capacitor and as a result, a changing electric field
is produced across between the two plate of the capacitor.

According to maxwell changing electric field intensity is equivalent to

a current through capacitor known as displacement curent (I)). If + q

)

and - q be the charge on the left and right plates of the capacitor klﬁ— I=1, _—l_—lc
respectively at any instant if o be the surface charge density of plate of + \/ -
capacitor the electric field between the plate is given by + \D/ -
+|] |-
E=—0=—13
€& €A

If charge on the plates of the capacitor increases by dq in time dt then dq =1 dt

d Idt
change in electric field is dE = L = 4 _ 1
g A g A dt g A
dE d dog ddg
= —_— = e = — (*. = I = _—
[= g, Adt € 4t (EA) = g, dt (" ¢, = EA) d =% dt

The conduction current is the current due to the flow of charges in a conductor and is denoted as Ic and
displacement current is the current due to changing electric field between the plate of the capacitor and
denoted as I, so the total current I is sum of [ and I, ie. I1=1 +1

Ampere's circuital law can be written as

fBar =m0+ = fBai=n 0 L)
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MAXWELL'S EQUATION
There are four maxwel' equation given below

I q
(1) Gauss law in electrostatics : fi;E.ds = e_ . (1)
0
o
(2) Gauss law in magnetism : §B.ds =0 ...(ii)
=7 dég
(3) Faraday's law of electromagnetic induction : emf = §E.d€ =T gt ..(iii)
- dog
(4) Maxwell - Ampere's circuital law : &B.dﬁ =, I+& T . (iv)
HERTZ EXPERIMENT (Practical production of EM waves) Input
(%) In 1888, Hertz demonstrated the production of electromagnetic
waves by oscillating charge. His experimental apparatus is shown
schematically in fig. \ /
@ An induction coil is connected to two spherical electrodes with a Induction
narrow gap between them. It acts as a transmitter. The coil provides / ol ‘\
short voltage surges to the spheres making one positive and the
other negative. A spark is generated between the spheres when
the voltage between them reaches the breakdown voltage for air. o
As the air in the gap is ionised, it conducts more rapidly and the qv_ a Transmitter
discharge between the spheres becomes oscillatory. P
(%) The above experimental arrangement is equivalent to an LC circuit, N’ Receiver
where the inductance is that of the loop and the capacitance is
due to the spherical electrodes.
(% Electromagnetic waves are radiated at very high frequency (= 100 MHz) as a result of oscillation of free charges
in the loop.
(%) Hertz was able to detect these waves using a single loop of wire with its own spark gap (the receiver).
(Y] Sparks were induced across the gap of the receiving electrodes when the frequency of the receiver was
adjusted to match that of the transmitter.
PROPERTIES OF ELECTROMAGNETIC WAVES
(% The electric and magnetic fields satisfy the following wave equations, which can be obtained from Maxwell's
third and fourth equations.
O°E b 0°E g &’B b B
— = 5 an = -
x? 0 o x0T o
(%) Electromagnetic waves travel through vacuum with the speed of light ¢, where
1 8
c= =3%x10°m/s
N
(Y] The electric and magnetic fields of an electromagnetic wave are prependicular to each other and also
perpendicular to the direction of wave propagation. Hence, these are trnasverse waves.
@ The instantaneous magnitudes of E and B in an electromagnetic wave are related by the expression
E
~=c
B
(%) Electromagnetic waves carry energy. The rate of flow of energy crossing a unit area is described by the
- - 1 - -
Poynting vector S . Where S=—ExB
Ko
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(Y] Electromagnetic waves carry momentum and hence can exert pressure(P) on surfaces,which is known as
-
radiation pressure. For an electromagnetic wave with Poynting vector S, incident upon a perfectly absorbing

surface p = §
c

and if incident upon a perfectly reflecting surface p = 28

c
@  The electric and magnetic fields of a sinusoidal plane electromagnetic wave propagating in the positive
x-direction can also be written as

E = E_ sinkx - ot) and B = B_ sinkx - o)
where o is the angular frequency of the wave and k is wave number which are given by
27

w=2nf an N
(Y] The intensity of a sinusoidal plane electro-magnetic wave is defined as the average value of Poynting vector
_E_B, _ E? __C g

taken over one cycle. S.. = =
Y 2y, 21,¢ 21,

m

@ The fundamental sources of electromagnetic waves are accelerating electric charges. For examples radio
waves emitted by an antenna aries from the continuous oscillations (and hence acceleration) of charges within
the antenna structure.

(%) Electromagnetic waves obey the principle of superposition.

(Y The electric vector of an electromagnetic field is responsible for all optical effects. For this reason electric
vector is also called a light vector.

TRANSVERSE NATURE OF ELECTROMAGNETIC WAVES

Maxwell showed that a changing electric field produces a changing magnetic field and vice-versa. This alternate

production of time 'varying electric and magnetic fields gives rise to the propagation of electromagnetic waves.

The variation of electric field (E) and magnetic field (B ) are mutually perpendicular to each other as well as to

the direction of the propagation of the wave i.e., the electromagnetic waves are transverse in nature.

Proof :
Consider a plane electromagnetic wave travelling along “: B
X-direction with its wave front in the Y-Z plane and ABCD is plane wave
its portion at time t. The values of electric field and magnetic ~" front
field to the left of ABCD will depend on x and t (and not on
y and z as the wave under consideration is a plane wave :

ting in x direction. i
propagating in x direction ’(') __________________ QPX
According to Gauss' law, the total electric flux across the direction of
parallelopiped' ABCDOEFG is zero because it does not z/G D PPropagation

- -
enclose any charge. i.e. E.dS=0
- > - > - > > > > > - >

or E.dS+ ¢E.dS+ ¢QE.dS+ PE.dS+ ¢E.dS+ PE.dS=0 ..(1)

ABCD EFOG ADGE BCOF 0CDG FBAE

since electric field E does not depend on y and z, so the contribution to the electric flux coming from the faces

normal to y and z axes cancel out in pairs.

- > - >
- E.dS+ ¢E.dS=0 - (i)
OCDG FBAE
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-> > -> >
and E.dS+ ¢E.dS=0 ... (ii)
ADGE BCOF

Using equation (i) and (iii) in equation (i), we get

- > - -
ABCD EFOG
> > - -
Now §E.dS= §Ex.d5coso - jﬁﬁxds -E, jds (+ E, is parallel to dS)
ABCD ABCD ABCD ABCD
=E_ area of face ABCD = ES . (V)
_)| e 1 o ! - -
and E.dS = éE xdScos180°=E, J.dS (v E', is antiparallel to dS)
EFOG EFOG EFOG
= E, area of faceEFOG = E;( S o (Vi)

where, E_and E'X are the x-components of electric field on the faces ABCD and EFOG respectively.

Substituting the values of equations (v) and (vi) in equation (iv), we get

ES-E'S=0 or SE -E)=0
S0
E-E'=0 or EL:EX

This equation shows that the value of the x-component of electric field does not change with time. In other
words, electric field along x-axis is static.

Since the static electric field cannot propagate the wave, hence the electric field parallel to the direction of the
propagation of the wave is zero.

ie. E'=E =0

It means, electric field is perpendicular to the direction of propagation of the wave.

similarly, it can be proved that the magnetic field is perpendicular to the direction of the propagationof the
wave.

Since both electric and magnetic fields are perpendicualr to the direction of the propagation of the wave, so

electromagnetic wave is transverse in nature.

GOLDEN KEY POINTS

When a capacitor is connected across the battery through the connecting wires there is flow of conduction

current, while thorugh the gap between the plates of capacitor,there is flow of displacement current.

Maxwell's equation are mathematical formulation of Gauss's law in electrostatics (I) Gauss's law in

electromagnetism (I) foradays law of electromagnetic induction (Il[) and Ampere's circuital law (IV)

Frequency of electromagnetic waves is its inherent characterstic, when an electromagnetic wave travels from

one medium to another, its wavelength changes but frequency remains unchanged.

Ozone layer absorbs the ultra-violet rays from the sun and these prevents them from producing harmful
effect on living organisms on the earth. Further it traps the infra-red rays and prevents them from escaping

the surface of earth. It helps to keeps the earth's at atmosphere warm
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SOME WORKED OUT EXAMPLES

Example#1
In a plane electomagnetic wave, the electric field oscillates sinusoidally at a frequency of 2 10'° Hz and

amplitude 48 V/m. The amplitude of oscillating magnetic field will be —

Solution
S s E 48 g 2
Oscillating magnetic field B = = = =16x10% Wb/m
c 3x108

Example#2

In the above problem, the wavelength of the wave will be —
Solution

c 3x10° ,
Wavelength of electromagnetic wave A = v 2x100 1.5x10™ =1.5cm

Example#3
A point source of electromagnetic radiation has an average power output of 800W. The maximum value of
electric field at a distance 3.5 m from the source will be —

Solution

P, EX

av

Intensity of electromagnetic wave given is by I= 4l 2 wc

E p,cP,, (4 x107)x(3x10%) x800
"\ 2m? 2nx(3.5) = 62.6 V/m

Example#4
In the above problem, the maximum value of magnetic field will be -
Solution
; ey E 62.6 )
The maximum value of the magnetic field is given by B, =—= 3x10° =209 107T
c X
Example#5

What should be the height of transmitting antenna if the T.V. telecast is to cover a radius of 128 km ?
Solution

d®> (128 x10°)

Height of transmitting antenna h = =
2R, 2x6-4x10°

=1280m
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Example#6
The area to be covered for T.V. telecast is doubled, then the height of transmitting antenna (T.V. tower) will
have to be -

Solution

The area of transmission of surrounding the T.V. tower A = nd? = n(2hRe) Aoch

Example#7
In an electomagnetic wave, the amplitude of electric field is I V/m. The frequency of wave is
5 10 Hz. The wave is propagating along z-axis. The average energy density of electric field, in Joule/m3,
will be

Solution
Average energy dendity is given by

2
ug :lgoEz :lgo EO :lgoEi :lx885 ><10_12 X(1)2 =22 10712 J/m?
2 2°\J2) 4 4

Example#8
A T.V. tower has a height of 100 m. How much population is covered by T.V. broadcast, if the average

population density around the tower is 1000/km? ?
Solution

Radius of the area coved by T.V. telecast d = /2hR,

Total population covered = nd*> population density = 2nhR_  polulation density

1000
=2 314 100 64 10° —— =39.503 10°

10
Example#9
An electomagnetic radiation has an energy 14.4 KeV. To which region of electromagnetic spectum does it
belong ?
Solution

o _he_ 6.6x10™ x3x10° “ .
TE T 144x10°x16x10" 08 107 m =084

This wavelength belongs to X-ray region
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10.

11.

- —
If Eand B are the electric and magnetic field vectors of electromagnetic waves then the direction of propagation

of electromagnetic wave is along the direction of —

(1) E @ B 3 E B (4) none of these
The electromagnetic waves do not transport -
(1) energy (2) charge (3) momentum (4) information

In an electromagnetic wave the average energy density is associated with —
(1) electric field only (2) magnetic field only

(3) equally with electric and magnetic fields (4) average energy density is zero

In an electromagnetic wave the average energy density associated with magnetic field will be

1.0 B’ 1 2 1y,
(1) ZLI @) 21, (3) ZHOB @) 552

In the above problem, the energy density associated with the electric field will be —

1 1q° 1¢? 1
M SV i ® > @) 5 &E"

In which part of earth's atmosphere is the ozone layer present ?

(1) troposphere (2) stratosphere (3) ionosphere (4) meosphere

The ozone layer is earth's atmosphere is crucial for human survival because it —
(1) has ions (2) reflects radio signals

(3) reflects ultraviolet rays (4) reflects infra red rays

The frequency from 3 10° Hz to 3 10!° Hz is -
(1) high frequency band (2) super high frequency band
(3) ultra high frequency band (4) very high frequency band

The frequency from 3 to 30 MHz is known as —
(1) audio band (2) medium frequency band

(3) very high frequency band (4) high frequency band

The AM range of radiowaves have frequency —

(1) less than 30 MHz (2) more than 30 MHz (3) less than 20000Hz (4) more than 20000Hz

Select wrong statement from the following for EMW -

(1) are transverse (2) travel with same speed in all medium

(3) travel with the speed of light (4) are produced by accelerating charge
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12.

13.

14.

15.

16.

The nature of electromagnetic wave is —

(1) longitudinal (2) longitudinal stationary (3) transverse (4) transverse stationary
Which of the following are not electromagnetic waves ? [AIEEE-2002]
(1) Cosmic-rays (2) y-rays (3) B-rays (4) X-rays

The rms value of the electric field of the light coming from the sun is 720 N/C. The average total energy
density of the electromagnetic wave is- [AIEEE-2006]

(1) 4.58 107 J/m3 (2) 6.37 1072 J/m3 (3) 81.35 10712 g/m3 (4) 3.3 1073 J/m3

An electromagnetic wave in vacuum has the electric and magnetic fields E and B , which are always perpendicular

to each other. The direction of polarizaiton is given by X and that of wave propagation by k. Then :-

[AIEEE - 2012]
(2) )ZI Ié and 11| |é><I::
(4) X||B and k| |ExB
An electromagnetic wave with frequency ® and wavelength A travels in the +y direction. Its magnetic field is

along _ x axis. The vector equation for the associated electric field (of amplitude Eg) is :-
[AIEEE-2012 (Online)]

1) E = E, cos(mt—%yji (2) E-= -E, cos(u)t-i—%yj X

3) E=-E, cos[u)t—i—ZTnyj z @) E=E, cos[mt —%ny) z

ANSWER KEY EXERCISE

1 2 3 4 5 6 7 8 9 10 | 11| 12 | 13| 14 | 15| 16

3 2 3 2 4 2 3 2 2 1 2 3 1,3 1 3 4
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