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ELECTROMAGNETIC
WAVES

1 happen to have discovered a direct relation between magnetism and
light, also electricity and light, and the field it opens is so large and [
think rich.

"MICHAELFARADAY"

INTRODUCTION

¢ have seen that in certain situations light may be described as a wave. The wave
‘ ’\ ) equation for light propagating in x-direction in vacuum may be written ass

E=E_ sin o(t-x/c)
where E is the sinusoidally varying electric field at the position x at time t. The

constant c is the speed of light in vacuum. The electric field E is in the Y-Z plane, that
is perpendicular to the direction of propagation.

There is also a sinusoidally varying magnetic field associated with the electric field
when light propagates. This magnetic is perpendicular to the direction of propagation
as well as to the electric field E. It is given by

B=B,sin o(t-x/c)

Such a combination of mutually perpendicular electric and magnetic fields is referred
to as an electromagnetic wave in vacuum. The theory of electromagnetic wave was
mainly developed by Maxwell around 1864.
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Now if the charge Q on the capacitor plates changes with time, there is a current i = (dQ / dt), so that using Eq. (3),
we have

&_E(QJ_LLQ
dt  dt -

€ € dt

This implies that for consistency,

g, T 4

This is the missing term in Ampere's circuital law. If we generalis this law by adding to the total current carried by
conductors through the surface, another term which is g times the rate of change of electric flux through the same
surface, the total has the same value of current i for all surfaces. Ifthis is done, there is no contradiction in the value
of B obtained anywhere using the generalized Ampere's law. B at the point P is non-zero no matter which surface is
used for calculating it. B at a point P outside the plates [Fig.1 (a)] is the same as at a point M just inside, as it should
be. The current carried by conductors due to flow of charges is called conduction current. The current, given by Eq.
(4), is anew term, and is due to changing electric field (or electric displacement). It is therefore called displacement
current or Maxwell's displacement current. Figure 2 shows the electric and magnetic fields inside the parallel plates
capacitor discussed above. The generalisation made by Maxwell then is the following. The source of a magnetic
field is not just the conduction electric current due to flowing charges, but also the time rate of change of electric
field. More precisely, the total current i is the sum of the conduction current denoted by i, and the displacement
current denoted by i (= ¢, (d®_)/ dt). So we have

L do,
i=i+i,=i tg T )
M E
’i‘fﬂf’
F‘_,E‘ —
8 s -,
i) — — *
c
Figure 2 (a)

In explicit terms, this means that outside the capacitor plates, we have only conduction current i =i, and no
displacement current, i.e., i,= 0. On the other hand, inside the capacitor, there is no conduction current, i.e., i_= 0, and
there is only displacement current, so that i, =i.

The generalised (and correct) Ampere's circuital law has the same form as Eq, (1), with one difference: " the total
current passing through any surface of which the closed loop is the perimeter"” is the sum of the conduction current
and the displacement current The generalised law is

. do
fB o dﬂ = H'OIC + Ho€o th ........... (6)

and is known as Ampere-Maxwell law.
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Cathode Rays :
(a) Generated in a discharge tube in which a high vaccum is maintained.
(b) They are electrons accelerated by high potential difference (10 to 15kV)

2

1
(¢) K.E.of C.R. particle acceleratedbyap.d ViseV = Emv2 = ZP;
m

(d) Can be deflected by Electric & magnetic fields.

Electromagnetic Spectrum

Ordered arrangement of the big family of electro magneti waves (EMW) either in ascending order of frequencies
or decending order of wave lengths.

Speed of EEM.W. in vaccum : ¢ =3 x 108 m/s = v

red(7.6 % 10 m)e— —— violet (7.6 % 10'm)
3x10'm 3m 3%10'm| 310" m
P ——
infrared ultra violet Gamma rays
Radio wawves X-rays
———y
Micro waves
(e.g. radar)
Visible light
-L--T.T-_.._... | m B - . —
10°10°10° 10" 10" 10" 107 10

Frequency (Hz)

Plancks Quantam Theory

A beam of EMW is a stream of discrete packets of energy called photons; each photon having a frequancy v and

energy =E=hv
where h = planck's constant = 6.63 x 107 J-s.

(a) According to Planck the energy of a photon is directly proportional to the frequency of the radiation.

gt 12900 A B p400(a-ev)
A A e
(b) Effective mass of photon m—E—E—— e mocl
P o R A
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Ex.1

Sol.

Ex.2

Sol.

SOLVED EXAMPLE

A parallel-plate capacitor with plate area A and
separation between the plates d, is charged by a
constant current i. Consider a plane surface of are
A/2 parallel to the plates and drawn symmetrically
between the plates. Find the displacement current
through this area.

Suppose the charge on the capacitor at time t is
Q.The electric field between the plates of the

capacitor is E = & The flux through the area
80
considered is
o Q. A_Q
g A 2 2,

The displacement current is

N O R C R
dt 2e, ) dt 2

A plane electromagnetic wave propagating in the
x-direction hass a wavelength of 5.0 mm. The electric
field is in the y-direction and its maximum magnitude
is 30 V.m™'. Write suitable equations for the electric
and magnetic fields as a function of x and t.

The equation for the electric and the magnetic fields
in the wave may be written as

E=E, sinw[t —3)
c

B =B,sin m[t —3)
c

We have,

0=2ntv=—-c
Thus, E=E, sin{%(ct - x)}

=(30Vm')sin {5'02;:1m (ct— X)}

Ex.3

Sol.

Ex.4

Sol.

etoosindia.com

The maximum magnetic field is

5 _E,_ 30vm’

= — —107T
® ¢ 3x10°ms™!

.12
So, B=Bsin {TE (ct— x)}

— (107 T) sin L_ é’;m (ct—x)]

The magnetic field is along the z-axis.

A light beam travelling in the x-direction is described
by the electric field E =(300 V m™)sin o(t—x/c). An
electron is constrained to move along the y-direction
with a speed of 2.0 x 10" m s'. Find the maximum
electric force and the maximum magnetic force on
the electron.

The maximum electric field is E,=300V m™. The

maximum magnetic field is

5 _Eo_ 300Vt o
¢ 3x10°ms™

along the z-direction.
The maximum electric force on the electron is
F,=qE,=(1.6 x10""C)*x (300 Vm™)
=4.8x 10" N.

The maximum magnetic force on the electron is

F, =‘q;x§

=qvB,

=(1.6x1072C) x (2.0 10’ ms ') x (10°T)
=32x10"*N.

Find the energy stored in a 60 cm length of a laser
beam operating at 4mW .

s —¢ 0

60 cm

The time taken by the electromagnetic wave to move

60cm — %10

through a distance of 60 cm is t =
c
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Exercise # 1 /

1.

289

7/ A

The ionosphere does not allow to pass the waves
which are termed as

(A) microwaves

(B) visible light waves

(C) 1 and 2 both

(D) amplitude modulated waves

Practically ozone layer absorbs the radiation of
wavelength

(A)less than 3 x 107m
(B) greater than 3 x 10"m
(C)equalto3x 10" m
(D) all the above

The waves which can travel directly along surface

of the earth are known as
(A) ground waves (B) X-rays

(C) a-rays (D) sky waves

The ionosphere bends the e. m. waves having the
frequencies

(A) less than 40 MHz
(B) beyond 40 MHz
(C) nothing is certain

(D) depends on the moisture present

The S.Iunit of displacement current is
(A)H (B)A
(C) Fm™ Dd)C

Transmission of T. V. signals from the surface of the
moon can be received on earth. But transmitted T.
V. Signals from Delhi can not be received beyond
110 km distance. The reason is

(A) there is no atmosphere on the moon
(B) strong gravitational effect on T. V. signals

(C)T. V.signals travel along a straight line, they do
not follow the curvature of earth

(D) there is atmosphere around the earth

The number of radio frequency carrier waves
transmitted by a television transmitter is

(A) three (B) two
(C) one (D) four

10.

11.

12.

13.

14.

etoosindia.com

The speed of electromagnetic waves is independent
of

(A) wavelength
(B) frequency
(C) intensity

(D) medium, in which it travels

An electromagnetic radiation of frequency v,
wavelength A, travelling with velocity c in air, enters
a glass slab of refractive index p. The frequency,
wavelength and velocity of light in the glass slab
will be respectively :

WY, *ang &

A
(B)v, — and <
nop H K 2

2v A
(C)v,2hand < ) X L and ¢
H noou
If g and p are the electric permittivity and magnetic

permeability in free space, € and u are the
corresponding quantities in a medium, then index of

refraction of the medium is
&
®) /.

golt
A) ,/a

C €gHo ) eu
© 1 -
Dimension of g, is :
(A)LT (B)L'T
(C)L*T? D)L T?

For television transmission, the frequency employed
isnormally in the range

(A)30-300 MHz (B)30-300 GHz
(C)300-300kHz (D)30-300Hz
Red light differs from blue light in its

(A) speed. (B) frequency
(C) intensity (D) amplitude

If an electromagnetic wave propagating through
vacuum is described by

E=E_sin (kx — wt) ; B=B, sin (kx - ot),
(A)E k=B o (B)EB,=wk
(O)E,0=B k D E,B=o/k

India’s No. 1 Online Coaching Institute
IIT-JEE | PRE-MEDICAL | CBSE | FOUNDATION



ELECTROMAGNETIC WAVES

Exercise # 2 [

v/ 4

1. The fundamental source of e. m. waves
(A) is varying magnetic field
(B) constant magnetic and electric fields
(C) are continous oscillations of electric charge

(D) is planets
2. The displacement current was first postulated by
(A) Ampere (B) Maxwell
(C) Hertz (D) Marconi
3. An accelerated electric charge emits
(A) B —rays (B) y—rays
(C) e.m. waves (D) none of the above
4. The speed of e. m. waves is given by the relation
(A) g, (B) \/Ho€g
(©) 1,8, (D) 1/4/(1oE)
5. Electromagnetic waves in nature are
(A) longitudinal

(B) longitudinal stationary
(C) transverse
(D) transverse — stationary

6. An accelerated charge
(A) emits an electromagnetic wave
(B) does not emits electromagnetic wave
(C) produces a gravitational field
(D) none of the above

7. Electromagnetic waves
(A) are longitudinal waves
(B) travel in free space at the speed of light

(C) are produced by charges moving with uniform
velocity

(D) travel with the same speed in all media

8. Choose the only wrong statement from the follow-
ing about electromagnetic waves

(A) are transverse

(B) travels free space at the speed of light
(C) are produced by accelerating charges
(D) travel with the same speed in all media

10.

11.

12.

13.

14.

15.

16.
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In an electromagnetic wave, electric field E and mag-
netic field B are

(A) mutually perpendicular to each other
(B) all parallel

(C) at 30° to each other

(D) at 60° to each other

Electromagnetic wave obey the principle of
(A) superposition
(C) 1 and 2 both

(B) interference

(D) none of the above

If E and B be the electric and magnetic fields of
electromagnetic waves, then the direction of propa-
gation of e. m. wave is along the direction of

(AE (B)B
(CO)ExB (D) None of the above

Which of the following pairs of space and time vary-
ing E and B fields would generate a plane electro-
magnetic wave travelling in the Z— direction

(A) Ex’ By (B) Ey5 BX
(OFE,B, (D)E,B,

Choose the correct statement about electromagnetic
waves

(A) they are supersonic waves

(B) they are the electric charged particles
(C) they travel with the speed of light

(D) they can only be produced in laboratory.

Hertz produced electromagnetic wave by using
(A)LCRecircuit (B) CR circuit
(C)LC circuit (D) None of the above

The shortest wavelength is for

(A)y—rays
(C) ultraviolet rays

(B) x —rays

(D) microwaves

Visible range of wavelength in cm is
(A)3x10°t0107°

(B)7x10%to4x 107
(C)4x105t03x10°
(D)6x10*t01.5x 10°
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Frercise 73

These questions contains, Statement I (assertion) 4. Assertion : In an e.m. wave magnitude of magnetic
and Statement II (reason).

field vector B is much smaller than the magnitude
(A) If both assertion and reason are true and the

reason is the correct explanation of the of vector E .
rtion. .. .
assertion Reason : This is because in an e.m. wave E/B=c=
(B) If both assertion and reason are true but 3x10°m/s.
reason is not the correct explanation of the
assertion. 5. Assertion : Electromagnetic waves exert pressure
(C) If assertion is true but reason is false. called radiation pressure.

(D) If assertion is false but reason is true. Reason :This is because they carry energy.

(E) If the assertion and reason both are false. ¢ Assertion : Electromagnetic waves are transverse
. . in nature
1. Assertion : Sound waves are not electromagnetic . .
waves Reason : The electric and magnetic fields of an e.m.

wave are perpendicular to each other and also

Reason : Sound waves require a material medium perpendicular to the direction of wave propagation.

for propagation.
2. Assertion : Displacement current arises on account
of change in electric flux.
R I do,
eason: [ .= €
d 0 dt
3. Assertion : A changing electric field produces a

magnetic field

Reason : A changing magnetic field produces an
electric field.
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Exercise # 4 /

1.

7

The frequency of y-rays, X-rays and ultraviolet rays
are a, b and c respectively.

Then, [CBSE AIPMT 2000]
(A)a>b>c (B)a<b<c
(C)a=b=c (D)ya>c>Db

In a certain region of space electric field E and
magnetic field B are perpendicular to each other and
an electron enters in region perpendicular to the
direction of B and E both and moves undeflected,
then velocity of electron is [CBSE AIPMT 2001]

A LB (B)ExB
( )|B|

IBI
©) g (D)E-B

The velocity of electromagnetic wave is along the

direction of [CBSE AIPMT 2002]
(A)BXE (B)ExB
(OE (D)B

Which of the following has minimum wavelength?
[CBSE AIPMT 2002]

(A) X-rays

(B) Ultraviolet rays
(C) y-rays

(D) Cosmic rays

Which of the following rays are not electromagnetic

waves? [CBSE AIPMT 2003]
(A) B-rays (C) Heat rays
(C) X-rays (D) y-rays

If, A _and A_represent the wavelengths of visible
light, X-rays and microwaves respectively, then

[CBSE AIPMT 2005]
(A >4 >h
B)Ah>h >h
(©n >A>h
D)X, >A >0

The electric field part of an electromagnetic wave in
amedium is represented by E_=0;

E, =2.5%cos|:(2nx106@jt—(nxlO’Z @jx}.

m S

E,=0.
The wave is [CBSE AIPMT 2009]

(A) moving along y-direction with frequency
2 1t x 10° Hz and wavelength 200 m

(B) moving along x-direction with frequency 10° Hz
and wavelength 100 m

(C) moving along x-direction with frequency 10° Hz
and wavelength 200 m

(D) moving along — x-direction with frequency 10°
Hz and wavelength 200 m.

Which of the following statement is false for the
properties of electromagnetic waves?

[CBSE AIPMT 2010]

(A) Both electric and magnetic field vectors attain
the maxima and minima at the same place and
same time

(B) The energyin electromagnetic wave is divided
equally between electric and magnetic vectors

(C) Both electric and magnetic field vectors are
parallel to each other and perpendicular to the
direction of propagation of wave

(D) These waves do not require any material medium
for propoagation

The decreasing order of wavelengthof infrared,
microwave, ultraviolet and gamma rays is

[CBSEAIPMT 2011]
(A) gamma rays, ultraviolet, infrared, microwaves
(B) microwaves, gamma rays, infrared, ultraviolet
(C) infrared, microwave, ultraviolet, gamma rays

(D) microwave, infrared, ultraviolet, gamma rays
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