40. Electromagnetic Waves

Short Answer

1. Question

In a microwave oven, the food is kept in a plastic container and the microwave is
directed towards the food. The food is cooked without melting or igniting the
plastic container. Explain.

Answer

The food which is being cooked contains water. The microwaves which are
directed towards the food has a natural frequency that match with the frequency of
water. The water molecules inside the food absorb energy from the microwaves
and get heated up causing the food around it to heat up. Due to absorption of
energy of the microwaves, the food gets cooked. Whereas the plastic does not have
any water molecules which would absorb energy and the frequency also doesn’t
match with the natural frequency of the microwaves so the plastic container
remains unaffected.

2. Question

A metal rod is placed along the axis of a solenoid carrying a high-frequency
alternating current. It is found that the rod gets heated. Explain why the rod gets
heated?

Answer

The solenoid carrying a high frequency alternating current generates a
continuously changing magnetic field across the rod placed along the axis. Due to
this varying magnetic field across the rod, eddy currents are generated on the
surface of the rod. The resistance of the rod and the eddy currents flowing on the
rod are responsible for the generation of heat.

3. Question
Can an electromagnetic wave be deflected by an electric field? By a magnetic field?
Answer

Electromagnetic waves are made up of electric and magnetic fields but not charges.
When an electromagnetic wave passes from a region of electric or magnetic field, it
will show no deflection as no charge is present which would experience a force due
to these fields and be deflected.

4. Question

A wire carries an alternating current i = igsinwt. Is there an



electric field in the vicinity of the wire?
Answer
Given: Alternating current j = { oSin(wt)

The current is the rate of flow of charge per unit time. Mathematically ; = ?
t

For a time, t, we can assume the charges in the wire are at rest,
then the charge will be given as

dg = idt = i, sin(wt) dt

Similarly, a no. of charges can be assumed to be at rest. These
charges produce a time varying electric field.

5. Question

A capacitor is connected to an alternating-currents source. Is there a magnetic
field between the plates?

Answer
Yes, there is a magnetic field between the capacitor plates.

According to Ampere Maxwell’s law, the magnetic field in a region is due to the
current due to charge carriers and the changing electric field in a region.
Mathematical form of the law is

jEB dl = Jr-’[[l(fenc!osed + Id)

where B is the magnetic field, dl is small element of length of an

Amperian loop, L is the magnetic permeability of free space and its value is 41 x

107 Tm AL, I, qosed iS the current due to charge carriers (conduction current)
and I is the displacement current which

is related to changing electric field.

The displacement current is related to electric field as

d(¢z)
dt

I; =€y

where ¢y, is the time varying electric flux through the surface

and € is the electric permittivity of free space(vacuum) and is equal

t08.85 x 1012 C2 N1 m2,



As the capacitor is charging, the charges at different time create a time varying
electric field in the space between the capacitor plates.

This time varying electric field further creates an alternating electric flux though a
surface present in between the plates.

The time varying electric flux is

b = j[; E(t)dScos(8)

According to Gauss’s law, the flux at time t is equal to 1/€( time the

charge enclosed at that time

"IJ . { enclosed
E ED

The charge enclosed at any time t will be

Q = CV,e“" where C is the capacitance of the capacitor and V is the amplitude of
alternating voltage source and w is the angular frequency of the source.

The magnetic field in between the capacitor plates is given by

cV Ewt

d(g—o)
jEE} 'E_r}z #D[Ienc!osed T & T )
6. Question

Can an electromagnetic wave be polarized?
Answer

Electromagnetic waves consist of oscillating electric and magnetic field which are
perpendicular to each other and the direction of propagation as well. Thus
electromagnetic waves are transverse in nature and can be polarized. Polarization
of electromagnetic waves will restrict the vibrations of electric and magnetic field
vectors in one direction only.

7. Question

A plane electromagnetic wave is passing through a region. Consider the quantities
(a) electric field,

(b) magnetic field,

(c) electrical energy in a small volume and

(d) magnetic energy in a small volume.



Construct pairs of the quantities that oscillate with equal
frequencies.

Answer

Explanation: Let us consider an electromagnetic wave traveling

in the z direction. The electric field E of the wave is assumed to be
E = E,sin(kz — wt)

where E is the amplitude of the electric field, k is the wave number
of the wave (k = ?), A is the wavelength, w is the angular frequency

of the wave (@ = 2wv) and t is the time. The frequency of the wave
is

W
= 21
Now the magnetic field can be considered as
B = B, sin(kz — wt)

where B is the amplitude of the magnetic field, k is the wave
number of the wave (k = zﬂ—”), A is the wavelength, w is the angular

frequency of the wave (w = 2mv) and t is the time. The frequency of
the wave is
W
f=
The frequencies of electric and magnetic waves are same.
Hence (a) and (b) oscillate with the same frequency.
Now the electric field energy density of the electromagnetic wave is

given by the relation

Uge = = €
de 2 0

where € is the electric permittivity of free space(vacuum) and is equal to 8.85 x

10712 ¢2 NI m 2 and Uy, is the energy density of electric field. Now the energy of

the wave over small volume V of the region is the product of energy density and
the small volume V. The energy of the electric field is



1
UE=Udg><V=EeC.EE><V

1 1
Ug = > €0 (Eysin(kz — wt))* xV = EEDEgsinz (kz—wt) xV

1 (l — cos2(kz — wt)

1
=EEGE§ 5 )xVzgeﬂEg[l—casE(kz—mr))xV

1
Ug = EEDE@? (1—cos2(kz —wt)) xV

The energy of the electric field is :tgﬂﬁ'g (1 —cos2(kz — mt)) x V.

The angular frequency of the energy of the wave is 2w, the
Corresponding frequency will be

) 2w
f_EH

Now the magnetic field energy density of the electromagnetic wave

is given by the relation

u 1B?
db = 5~

2 plg
where ) is the magnetic permeability of free space and its value is

41 x 107 Tm A"l Uy, is the magnetic field energy density. Now the energy of the

wave over small volume V of the region is the product of energy density and the
small volume V. The energy of the magnetic field is

1 2
Ug=U;, XV ==-—xV
B dhb Zﬂg

1 1
Ug = TR (B, sin(kz — wt))* X V = Z—%BS sin®(kz — wt) X V

1
x V =—BZ(1- cos2(kz— wt)) x V

2 T

1 (1—c032(kz—mt))
- B2
1 2
Us = —BZ2(1—cos2(kz — wt)) x V

The energy of the magnetic field is i B3(1—cos2(kz — wt)) x V.
o

The angular frequency of the energy of the wave is 2w, the

Corresponding frequency will be



2w

=5

The electric field energy and magnetic field energy have the same
frequencies of oscillation.

So (c) and (d) form a pair.

Objective I

1. Question

A magnetic field can be produced by

A. amoving charge

B. a changing electric field

C. none of them

D. both of them

Answer

Explanation: A magnetic current can be produced by a moving
charge. If the charge is moving uniformly, it will generate a constant
current. If we assume a constant current is flowing through a
conductor of length L, the magnetic field due to it at a distance R

from it is given by Biot-Savart law. The field would be

(2Xx=)
B 4m R3

where i is the constant current and  is the magnetic permeability
of free space and its value is 41 x 10”7 Tm A™L. So A. is correct.

A changing electric field can also generate a magnetic field around it. According to
Ampere-Maxwell law, the total magnetic field around a region is due to flow of
charge carriers (called as conduction current)

and the time varying electric flux. Mathematically

9‘5;} 'E}': Hp [:Ignclosgd + Id) (1)

where B is the magnetic field, dl is small element of length of an

Amperian loop, y is the magnetic permeability of free space and its value is 4 x

107 Tm AL, Ipdosed is the current due to charge carriers (conduction current)



and I is the displacement current which

is related to changing electric field.

The displacement current is related to electric field as

didg)
Iq = € | th

-..(ii)
where ¢y, is the time varying electric flux through the surface

and € is the electric permittivity of free space(vacuum) and is equal

t0 885 x 1012 ¢ N1 m2,

The electric flux is the amount of electric field lines passing
through a surface normally. Mathematically

¢z = $ E(t)dScos(8) ... (iii)

where E(t) is the time varying electric field, dS are a small area
element on the surface and 0 is the angle between the electric field
vector and area vector (if the field lines are not falling normally).
From (ii) and (iii)

j{; d($ E(t)dScos(6)) )

E} 'E;: Ho [fendased + € dt

If the conduction current is zero, so the magnetic field will entirely be
produced by the changing electric field and would be produced by it.
Hence B. is correct

Hence D. is correct

2. Question

A compass needle is placed in the gap of a parallel plate capacitor. The capacitor is
connected to a battery through a resistance. The compass needle

A. does not deflect
B. deflects for a very short time and then comes back to the original position
C. deflects and remains deflected as long as the battery is connected.

D. deflects and gradually comes to the original position in a time which is large
compared to the time constant.

Answer



deflects and gradually comes to the original position

in a time, which is large compared to the time constant.

Explanation: The deflection in a compass needle are because of
magnetic field around the region of the compass. The magnetic field
arises due to charging of the capacitor which creates a varying
electric field. This varying electric field produces a changing electric

field through the capacitor plates. Due to this changing electric flux, a current
called the displacement current arises in the capacitor. The

current I is related to the electric flux as

di¢g)
Iq =€ | th

e (1)
where ¢y, is the time varying electric flux through the plane surface

and € is the electric permittivity of free space(vacuum) and is equal

t0 885 x 1012 ¢2 N1 m2,

According to Ampere-Maxwell’s law of electromagnetism, the total
magnetic field is due to current due to charge carriers and the
current due to time varying electric flux. Ampere-Maxwell law is the
extension of Ampere Circuital Law. The mathematical relation

is

$B.dl = poUenciosea + 1) (i)

where B is the magnetic field, dl is small element of length of an

Amperian loop, L is the magnetic permeability of free space and its value is 41 x

107 Tm A1, and I, ¢seq is the current due to charge carriers.

From (i) and (ii)

- — d(gg)
953. dl = Hg [fgnclosed t& | th

) -..(ii)
According to Gauss’s Law of electrostatics, the electric flux through
a surface is equal to 1/¢( times the charge enclosed by it.

Q’J _ Qenclosed
E Eﬂ



The charge enclosed by the capacitor plates is changing with time

as the capacitor is charging. The charge is given as

-t

@ = CV(1— erc)
where
C=capacitance of the capacitor
V=potential of the battery
R=resistance of the resistor connected in series
Using the above two relations in (iii)
—t
a(FEE5) d(CV(1 - eRc))
0
¢

E} 'E!}z Ho [Ienc!osed + €o dt ) = Hp [Ienﬂ!osed + dt

So the magnetic field depends on the charge of the capacitor. The
needle will show deflection till the capacitor gets charged to a

specific value at a time T called the time constant. t = R is the time

constant of the capacitor. Charging after this time will be gradual so
the needle will come to its original position.

3. Question

Dimensions of 1/(pp€p) is

A.L/T

B.T/L

C.L2/T?

D.T%/L2.

Answer

Explanation: The electrical permittivity of free space and magnetic

permeability of free space is related with the speed of light in

vacuum as
c 1
\ €olo



squaring the above relation

2= —
Eollp

! will be the dimension of C2.

The dimension of
Epllo

The dimension of C is [L T~1], so the dimension of C2 will be [L ]‘"—1]2
(LT = [1°T ]

Therefore C. is the only correct option.

4. Question

Electromagnetic waves are produced by

A. a static charge

B. a moving charge

C. an accelerating charge

D. charge less particles

Answer

Explanation: An accelerating charge produces a changing electric
field which in turn produces a magnetic field. These alternatively
changing magnetic and electric fields give rise to electromagnetic
waves. A static charge gives rise to only an electric field and a
moving charge creates a magnetic field so A. and B. are incorrect.
5. Question

An electromagnetic wave going through vacuum is described by

E = E( sin(kx - wt); B = B sin(kx - wt)

Then

AEgxk=Byw
B.Eg By = wx
C.Epw=Bpk

D. None of these

Answer



Explanation: The amplitudes of the electric and magnetic fields are

related as

By _ .

5, c ...(1)

where c is the speed of wave and E(y and B are the amplitudes of the fields.

The speed of wave is related with its frequency and wavenumber as

f= c ...(ii)

where w is the angular frequency of the wave (¢ = 2 V) and Kk is the wavenumber

(k = zﬁ—’T) and v is the frequency and A is the wavelength of the wave.

From (i) and (ii)

w E,
f=— =—

kB,
@ _ Bo

- = — Eyk = Byw so A.is correct.
o

B. and C. are invalid relations. Only A. is the correct option.
6. Question

An electric field £ and a magnetic field g exist in a region. The fields are not
perpendicular to each other.

A. This is not possible

B. No electromagnetic wave is passing through the region.

C. An electromagnetic wave may be passing through the region.

D. An electromagnetic wave is certainly passing through the region.
Answer

Explanation: There exists a mode of propagation of electromagnetic wave called
the Transverse Electric and Magnetic (TEM) mode where both electric and
magnetic field are moving tranverse to the direction of propagation of wave. The
fields are not in the direction of propagation.

[t is possible that an electromagnetic wave may exist when electric and magnetic
fields are not perpendicular to each other.



7. Question

Consider the following two statements regarding a linearly polarized, plane
electromagnetic wave:

(A) The electric field and the magnetic field have equal average values.
(B) The electric energy and the magnetic energy have equal average values.
A. Both A and B are true

B. A is false but B is true

C.Bis false but A is true

D. Both A and B are false

Answer

Explanation: Let us assume the linearly polarized plan wave travels

in z direction so the electric and magnetic fields of the wave are

given by

E, = E,sin(kz — wt)

B, = B, sin(kz — wt)

Their average values over one cycle would be the average from time
t=0 to t=T.

Average of electric field

f; E.dt f; E, sin(kz — wt)dt

(E_’X} = =
[} dt [, dt
1 . J’T e tdt—Eﬂ cos(kz — wt)|T
=7 005111( wt) =T ” o
E, [ (k 2 T) (k 21 D)-
= cos\kz — —T ) —cos|kz — —
T 5 21 T T /]

T



Eq

2T
TXT

E
= 02}1 [cos(kz — 2m) — cos(kz)] ==
T % T

[cos(kz)— cos(kz)] =0

(because w = 2?’Tand cos(8 — 2m) = cos(6) )
Therefore, the average of electric field is zero.

Similarly average of magnetic field is also zero as

fuTB.vdf f.;.T By sin(kz — wt)dt

(BU} = =

YTt [, dt
1 5 J-T' . tdt—Bﬂ cos(kz —wt)|T
=7 ﬂﬂsm( wt) =7 ” o
B BD [ (R 21 T) (R 21 ﬂ)-
= . xz—ﬁ cos{kz — — cos{kz ——-0)

T
Bﬂ Bﬂ

= o [cos(kz— 2m) — cos(kz)] == o [cos(kz)— cos(kz)]=0

T KT T X T

So electric and magnetic field have their average value zero.
Therefore (A) is correct.

Now the electric energy associated with the electric field is given by
1 P
Udg = E EDE ...(1)
where € is the electric permittivity of free space(vacuum) and is

equal to 8.85 x 10712 C2 NI m™2 and Uy, is the energy density of

electric field.

Similarly, the magnetic energy associated with the magnetic field is

given by

18 ..
u = —— ...|11
a5 =5 i)

where ) is the magnetic permeability of free space and its value is

41 x 107 Tm A1 Uy, is the magnetic field energy density.

Also the amplitudes of electric and magnetic fields are related as



By _
B, C ..(iii)
where C is the speed of light in vacuum.
. 1 :
Uy, = % €0 E5 sin? (kz — wt) and Uy = 7= (By sin(kz — wt))?
o
Using (iii) in (i)
£0B5C% . 5 .
Uge = ==, —sin* (kz — wt) - (iv)

The electrical permittivity and magnetic permeability of free space

related as
C=—==C=—_ W
y Eoflo Soflo
Using (v) in (iv)
EDBDE Cz . EDBUQ . 1
U, = sin?(kz — wt) = ——sin*(kz — wt) = — (B, sin(kz — wt))?
o = 2 s (kz = wt) = 52 sin (kz = wt) = 3= (By sin(kz = w1)

Uge = Uap
Therefore, the electric and magnetic energy densities are same in
magnitude and so their average values will be same.

Average of electric energy over one cycle will be

Tl
[7= e, E2sin?(kz—wt)dt 1 T (1 — cos2(kz — wt
(Udg}—ﬂzﬂo ZJ'( cos2(kz m))dt
0

= —€
jﬂ dt 27 70 2

sin(2kz — 2wt)_ T
2w ] 0

1 r 1
=7 EDE,:.J; (1 - cos(2kz — 2wt))dt = EEDEU [t—

1 g (T —0) _i[(5111(2k2—4—?"] - (5111(%2—4—(1)]]
Tar 0 !

1 1 1
=7 — e, EZ[T — _m [sin(2kz — 4m) — sin(2kz)]]

1 1
— g, E¢ [ ~5 [sin(2kz) — sin(2kz)]| = EEDE@? +0

So electric and magnetic energy and have non zero average values.
Therefore (B) is also correct.

8. Question



A free electron is placed in the path of a plane electromagnetic wave. The electron
will start moving

A. along the electric field

B. along the magnetic field

C. along the direction of propagation of the wave

D. in a plane containing the magnetic field and the direction of propagation.
Answer

Explanation: A particle placed in and electromagnetic wave moving

with velocity v experiences a force called Lorentz’s force due to the

electric and magnetic fields. The force is given as

—

F =q(E + ©xB)
where q is the charge of the particle, E is the electric field, v is the
velocity of the particle and B is the magnetic field.

An electron at rest is placed in the path of a plane electromagnetic wave. The
Lorentz force acting on the electron will be

F — q(F + oxB)

where e is the charge of the electron. As the electron is at rest so the velocity will
be 0. The net Lorentz’s force will be

F=qE
The electron will move in the direction of the field.
9. Question

A plane electromagnetic wave is incident on a material surface. The wave delivers
momentum p and energy E.

A.p=0,E#0

B.p#0,E=0

C.pz0,E=0

D.p=0,E=0

Answer

Explanation: An electromagnetic wave striking a material surface

delivers both energy and momentum to the surface.



If the frequency of the wave is v then the energy imparted will be
E=hv..(>)

where h is the Planck’s constant.(h = 6.63 x 1073%] s71)

The energy is also related to the speed of the wave as

E = pc - (ii)

where p is the momentum and c is the speed of the wave.

From (i) and (ii)

E=hv=pc
_h"u_E'
P= 7%

The energy and momentum both are non zero.

We can also define a quantity known as radiation pressure which is the pressure
the radiation exerts on the material surface is strikes.

The radiation pressure is given as

force(F)

) . = ... (iii
Pressure(P) areald) (iii)
Also the electromagnetic wave has energy so there is an intensity related to it

given by

Energv(E) (iv)

Intensity(I) = s Sre——

From (iii) and (iv)

; E Power wvelocity(c)
PXt P

(because energy dissipated per unit time is the power and power = force x
velocity)

Sop = T is the radiation pressure.
(™

Objective 11
1. Question
An electromagnetic wave going through vacuum is described by

E = Ejsin (kx - wt).



Which of the following is/are independent of the wavelength?

A x

B.w

C.x/w

D. kw

Answer

Explanation:

Given: The equation of an electromagnetic wave is given as

E = Eysin (kx - wt)

where E is the amplitude of the electric field, k is the wave number
of the wave (k = %), A is the wavelength, w is the angular frequency
of the wave (@ = 2mv) and t is the time. The frequency of the wave
isv = ;’—T

A.is k which is equal to QA—T and is dependent on A so A. is

incorrect.

B is w which is 24y If the speed of the wave is c, then

2me ..
¢ =1v % A, S0 w becomes - hence B. in incorrect.

. i Cr s T 11
C.is = substituting the values of w and k we get & _ Zmr 1=which s
b A €
independent of wavelength so C. in correct.
. . 2m 2me . .
D. is kw, using the values of k and w, kw = = X which is

A

dependent on wavelength so D. is in incorrect.
2. Question

Displacement current goes through the gap between the plates of a capacitor when
the charge of the capacitor

A. increases

B. decreases



C. does not change

D.is zero

Answer

Explanation: The displacement current depends on the changing
electric flux across the capacitor plates. Due to the charging of the
capacitor, the charge varies on the capacitor plates with time. Due
to this, the electric flux also varies with time. The relation between

the displacement current and the electric flux is given as

__ d(¢s)

.!Iar = £p dt

where ¢y is the time varying electric flux through the plane surface,

€¢ is the electric permittivity of free space(vacuum) and is equal

t0 8.85 x 1012 C2 NI m™2 and 14 is the displacement current.

The electric flux is given by Gauss’s law as

"rb . (enclosed
E ED

The displacement current then becomes

d(qenﬂiosed
I, = . % $ — €. X i X d"?BHﬂfDS‘Bd _ d(qgnclosgd)
‘ ° dt ° e dt dt
_ d(‘?enc!ased)
la =4

which is dependent on charge. If the charge is zero, then the R.H.S
would be zero so D. is incorrect. If the charge doesn’t change with
time so its derivative w.r.t time will be zero and so will be the

current, so C. is zero. For R.H.S to be non-zero, the charge must vary with time i.e.
increase or decrease, hence A. and B. are correct.

3. Question
Speed of electromagnetic waves is the same
A. for all wavelengths

B. in all media



C. for all intensities

D. for all frequencies

Answer

Explanation: The speed of electromagnetic waves is given by
c=vxA

where v is the frequency and A is the wavelength. Thus the speed
will be not same for all frequencies and wavelengths so A. and D.
are incorrect. Also as wave travels from one medium to another, the
speed changes so B. is incorrect. The relation between speed and
intensity of a wave is given by

I=%¢,Ejc

where € is the electric permittivity of free space(vacuum) and is equal to 8.85 x

10712 ¢2 NI m2 ¢ is the speed of wave and E( is the amplitude of electric field.

The speed will be same for all intensities in a given medium will be same so C. is
correct.

4. Question

Which of the following have zero average value in a plane electromagnetic wave?
A. electric field

B. magnetic field

C. electric energy

D. magnetic energy

Answer

Explanation: Let us assume the wave travels in z direction so the
electric and magnetic fields of the wave are given by

E, = E,sin(kz — wt)

B, = B, sin(kz — wt)

Their average values over one cycle would be the average from time
t=0 to t=T.

Average of electric field



hf@ﬁ_ﬁ%mﬁﬁ—mﬁr

(Ex} == T T
I, dt Jo dt
1 . J‘T . tdt_Eﬂ cos(kz — wt)|T
=7 ,305111( wt) =T ” o
_ E [ (k 21 T) (R 21 U)-
= . XE—H cos|kz —— cos|\kz ——0)|
T
ED EU
= 5T [cos(kz — 2m) — cos(kz)] == 5T [cos(kz) — cos(kz)] =0
T XT T x T

(because @ = %’Tand cos(8 — 2m) = cos(6) )
Therefore, the average of electric field is zero.

Similarly average of magnetic field is also zero as

[7B,dt [T B, sin(kz — wi)dt

(By) =

[fac [, dt
1 5 J-T' . tdt_Bﬂ cos(kz — wt)| T
=7 DDsm( wt) =7 " o
B [ (R 27 T) (R 27 D)-
= . XE—R cos(kz —— cos(kz ——-0)
T
B, By
= o [cos(kz — 2m) — cos(kz)] == o [cos(kz)— cos(kz)]= 0
T % T T % T

So electric and magnetic field have their average value zero.

Now the electric energy associated with the electric field is given by
1 P
Udg = E EDE ...(1)
where € is the electric permittivity of free space(vacuum) and is

equal to 8.85 x 10712 C2 N'I m™2 and Uy, is the energy density of

electric field.
Similarly, the magnetic energy associated with the magnetic field is

given by



1EB2

Udb - - (ll)
where ) is the magnetic permeability of free space and its value is

41 x 107 T m A1 Uy, is the magnetic field energy density.
Also the amplitudes of electric and magnetic fields are related as

By _
B, C ..(iii)

where C is the speed of light in vacuum.
. 1 .
Uy, = % € E5 sin? (kz — wt) and Uy = 7= (Bo sin(kz — wt))?
o
Using (iii) in (i)
£gB5C . 5 .
Uge = ==, —sin* (kz — wt) - (iv)

The electrical permittivity and magnetic permeability of free space

related as

1
— (2= —
y Eotlo Spflo

=

Using (v) in (iv)

€oB3 C* €083
Ui, = D; sin?(kz — wt) = ——

1
sin(kz — wt) = — (B, sin(kz — wt))?
€ollo 219 (5o )

Uge = Uap
Therefore, the electric and magnetic energy densities are same in
magnitude and so their average values will be same.

Average of electric energy over one cycle will be

Tl
[7= eE2sin?(kz—wt)dt 1 T (1 — cos2(kz — wt
(Udg}=02ﬂ0 EJ'( ( ))dt
0

—€,E
[Tt = g fo*o 2

1 g2 J‘T(l (2kz— 200))dt 1 sin(2kz — 2wt) T
= g7 Cofo | (1 —cos(2kz—2w0))dt = & Egt 20 0

1 g (T —0) _i[(5111(2k2—4—?") - (5111(2:"{2—4—(1)]]
Tar o !

1
=7 €oES[T — — [5111(2kz — 4m) — sin(2kz)]]



1 1
=— ¢, EE|T - o [sin(2kz) — sin(2kz)]| = EE,:,E,:% #0

So electric and magnetic energy and have non zero average values.
5. Question

The energy contained in a small volume through which an electromagnetic wave is
passing oscillates with

A. zero frequency

B. the frequency of the wave

C. half the frequency of the wave

D. double the frequency of the wave

Answer

Explanation: Let us consider an electromagnetic wave traveling

in the z direction. The electric field E of the wave is assumed to be
E = E,sin(kz — wt)

where E is the amplitude of the electric field, k is the wave number
of the wave (k = %), A is the wavelength, w is the angular frequency

of the wave (@ = 2mv) and t is the time. The frequency of the wave
is
w
I=
Now the electric field energy density of the electromagnetic wave is

given by the relation

1 2
Ud'g = E EDE

where € is the electric permittivity of free space(vacuum) and is equal to 8.85 x

1012 c2 N1 m2 and Uge is the energy density of electric field. Now the energy of

the wave over volume V of the region is the product of energy density and the
volume V. The energy of the electric field is

1
UE=UJQ><I»’=EEDE2><V

1 1
Ug = > €0 (Eysin(kz — wt))* xV = EEDEgsinz (kz—wt) xV



1 (1 — cos2(kz — wt)

1
=EEGE§ 5 )><V=EEDE§(1—CGSE[RZ—MIT))XV

1
Ug = EEDE@? (1—cos2(kz—wt)) xV
The energy of the electric field is :tEDEg (1 —cos2(kz — mt)) X V.
The angular frequency of the energy of the wave is 2w, the

Corresponding frequency will be

20

! ——
I=o
This frequency f’ is twice of f, f" = 2f.
Now the magnetic field can be considered as

B = B, sin(kz — wt)

where B is the amplitude of the magnetic field, k is the wave
number of the wave (k = ?), A is the wavelength, w is the angular

frequency of the wave () = 2mv) and tis the time. The frequency of

the wave is
f W
C2m

Now the magnetic field energy density of the electromagnetic wave
is given by the relation

U 1B?
db = 5~

2 plo
where 1 is the magnetic permeability of free space and its value is

41t x 107 T m A" Uy, is the magnetic field energy density. Now the energy of the

wave over volume V of the region is the product of energy density and the volume
V. The energy of the magnetic field is

u u V L5 V
E db 21“'0

1 1
Us = — (B, sin(kz — wt))?xV =—BZsin*(kz — wt) xV
5 2]uﬂ(,:.sm( z— wt)) 2 5 sin” (kz — wt)



1
XV =—B;(1- cos2(kz— wt)) x V
g

1 (1 —cos2(kz — mt))
- BZ >

1
Ug = 4—8& (1—cos2(kz —wt)) x V
Ho

The energy of the magnetic field is i B2(1 - cos2(kz — wt)) x V.
4]

The angular frequency of the energy of the wave is 2w, the
Corresponding frequency will be

, 2w
f_ZH

This frequency f’ is twice of f, f" = 2f.
As for both, electric and magnetic, the energy of wave is double the

frequency of their respective waves, so the overall energy of the

wave has twice the frequency of oscillation of the wave itself.

Exercises

1. Question

Show that the dimensions of the displacement current - '::j"'jc are that of an electric
current.

Answer

The displacement current I 4 is produced by a varying electric

field. It is given by the relation

d(de)
Id = Eﬂ * th

where € is the electric permittivity of free space(vacuum) and is

equal to 8.85 x 10712 C2 N1 m2 and ¢, is the electric flux produced

by the time varying electric field.

To find the dimension of I and check whether it is the same as that

of electric current, we need to find the dimension of € d‘f’ﬂ_
t

We can simplify @ using Gauss’s Law. According to Gauss’s law
t



the electric flux ¢ through a surface is given as

"rﬁ . Qenclosed
E ED

Using the above relation, the displacement current becomes

d(qgndosed
I, = . % $ — €. X i X quHCIDS‘Bd _ d(qgnclosgd)
‘ ° dt ° e dt dt
_ d((?enc!osed)
la=""4

The dimension of displacement current is the dimension of the
quantity in the R.H.S of the above equation

dimension of q [TA] n
dimensionof time  [T]

dimension of I; =

As [A] is the dimension of electric current so displacement current
has same dimension as that of electric current.

2. Question

A point charge is moving along a straight line with a constant

velocity v. Consider a small area A perpendicular to the direction of motion of the
charge figure. Calculate the displacement current through the area when its
distance from the charge is x. The value of x is not large so that the electric field at
any instant is essentially given by Coulomb’s law.

L

q
Answer

Given: Velocity of charge = v

Area of patch=A

Distance of charge from the patch=x

We have to find the displacement current through the area when it is at a distance
x from the charge.

The displacement current arises due to changing electric field which in turn
produces a varying electric flux through an area. The displacement current
depends on the electric flux as

d(¢z)
dt

Id’= ED



where 1 is the displacement current,¢g, is the varying electric flux

through the area and ¢ is the electric permittivity of free

space(vacuum) and is equal to 8.85 x 1012 C2 N1 m™2,

The electric field produced by the charge when it is at a distance x

from the surface is given by Coulumb’s law and is equal to

__ 4
ey x?

This electric field produces an electric flux through the area whose

magnitude is given by Gauss’s law

Pg =P

s = é? = ¢ E dS cos8 = § E dS. This is because the electric field lines are

directed along the normal to the area vector of the surface.

The angle 6 between them is 0° so cos 0° =1.

—jEEdS—EjEdS—EA— -
P = B T 4meyx?
The displacement current will be
qa
L |d@s) Umex?)| N )
a= o|7g |~ %o dt = 0% e, dt
_E| ) 5 (-3 E|
T 4n (F2)x(x )xdt
A dx
2mx3®  dt

As x is the distance of the charge from the area at different intervals of time so the
rate at which the particle is changing its position is its velocity v

qAv
7 2my3

: . qA
Thus the displacement current through the area is ; -
T

3. Question

A parallel-plate capacitor having plate-area A and plate separation



d is joined to a battery of emf € and internal resistance R at t = 0.
Consider a plane surface of area A/2, parallel to the plates and
situated symmetrically between them. Find the displacement current
through this surface as a function of time.

Answer

Given: Area of capacitor plates=A

Separation between the plates=d

Emf of the battery = €

Internal resistance of the battery = R

Area of plane surface=A/2

Displacement current is the current which is generated by a time
varying electric field, not by the flow of charge carriers.

This current is also responsible for the generation of a time varying

magnetic field. The displacement current I is generated due to the

fact that the charge on capacitor plates is changing with time.

The displacement current is given by

d(¢s)
dt

I = €

where ¢y, is the time varying electric flux through the plane surface
and € is the electric permittivity of free space(vacuum) and is equal
t0 8.85 x 1012 C2 N1 m2.

The electric field in the space between the plates can be given by

Guass’s Law. If the charge on the capacitor plate is Q and the area

of the plate is A(given), then by Guass’s law,

where E is the electric field and € is the electric permittivity of free

space and dS is a small area element on the plate.



Further ﬁgﬁr = ¢ EdS cos@ = $ EdS = EA . (because the area vector

and electric field lines are both normal to the surface and in

same direction i.e. 6=0" so cos 8=1)

SoEA = EE -E = Ai , the electric field between the plates is Ai.
o

o o
This electric field produces and electric flux through the plane

surface given by

bg = j‘;—>.—>= EdS cos6 = jEEdS

E 'ds
(because the area vector and electric field lines are both normal to

the surface and in same direction i.e. 8=0" so cos 6=1)

$ras=Efas=— = LxZ- Lo
B _E_AEDXE_EED_';!}E

Now the charge on the capacitor is changing with time as it is
charging. If the capacitance of the capacitor is C, then the charge Q

at time t will be

Q =eC(1- EH_—E.) where € is the potential between plates which is equal to the emf

of battery and R is the resistance attached in series.

The displacement current [ is given as

-t

dﬁg%) _ 1|d(ec(1 - eRo))

o[ ar 2 dt

d(¢z)
dt

—t
1|d(eC(1— eRe))
2 dt

ox (- ()

1
3
1 € (—_t) e -t
——%—%|eRC | = — e&C
2 *R7\° 2R ©

-t
Thus the displacement current as a function of time is = 7.
2R

4. Question



Consider the situation of the previous problem. Define displacement resistance Ry
=V/iq of the space between the plates where V is the potential difference between
the plates and iq is the displacement current. Show that Ry varies with time as

Rq=R (e/T-1)

Answer

Given: The displacement resistance R ; = %

We will first calculate the displacement current.

The displacement current I is generated due to the fact that the

charge on capacitor plates is changing with time.

The displacement current is given by

d(¢g)
dt

Id’z El:'

where ¢ is the time varying electric flux through the plane surface

and € is the electric permittivity of free space(vacuum) and is equal

to 885 x 1012 ¢2 N1 m2,

We need to calculate the electric flux through the capacitor plate.
As the charge on the capacitor plate at time t can be taken as Q so
by using Gauss’s law, we will calculate the electric flux.
According to Gauss’s law

charge enclosed
E =

€o

so the electric flux would be

As the capacitor is charging, the charge will be a function of time

given as

-t
Q = CV = CV,eRe

where C is the capacitance of the capacitor, V is the potential drop

at time t, R is the series resistance and V) is the potential at time



-t
t=0. Now the flux is £VoeR<,
=]

Now by our definition, the displacement current is given by

LIS
d o dt
which is
-t
d CVGERC —t
€p CV, d(ERE) -1 ( / )

I,=¢ =€, X cvV, (—)x e /Rc
a0 dt 0% g | at °\Rrc

V. -t

-t
The displacement current is Yo g7z
R

We know that R; = ? —R
d

Vy t t t
R,;= _t—R=RERC—R=R(E‘RC—I):R(E?—]_)

t
therefore R;=R (E; — 1) , where T is the time constant.

5. Question

Using B = pg H find the ratio E/H for a plane electromagnetic wave propagating

through vacuum. Show that is has the dimensions of electric resistance. This ratio
is a universal constant called the impedance of free space.

Answer

Given: The magnetic field density and the magnetic field strength
as related by the relation

B= u . H

where B is the magnetic field density, p, is the relative magnetic
permeability of the material and depends on the nature of the
material or the medium and H is the magnetic field strength which

tells upto what extent a material can be magnetized.



For free space, the relation becomes
By = pioHp - (1)
where B, is the field intensity in free space(vacuum), Hy is the

strength in free space and ) is the magnetic permeability of free

space. | is a universal constant and its value is 41 x 107 TmAL

We can define a relation between the electric field and magnetic field

of an electromagnetic wave travelling in vacuum. It is
_ B
C = B, (ii)
where E is the electric field density and C is the speed of light in

vacuum.

From (i) and (ii)

B H Eo
o = Hollg = C
Ey
H,=—
Ho g C
Eo _
H_D_‘HC'E ... (iii)

To find the dimension of % , we will find the dimension of the
la]

quantity in the R.H.S.
The dimension of C is [L T-1] because it is the speed.
To find the dimension of g, We need to consider the Biot Savart’s

law which gives the magnetic field due to a current carrying

conductor. According to Biot Savart law

— = .
T P_Dx 1% M [IV)
B 4w R?

where i is the current in the conductor, L is the length of conductor and R is the

distance between conductor and point where field is to be found.

The scalar form of the above equation will be simply

il
B =12
4w R®

(V)



From (v)

4R*B
.IH’D - LL

the dimensions of py will be the dimensions of R.H.S
dimension of B=[M T2 A 1]

dimension of R2=[L?]

dimension of L=[L]

dimension of i=[A]

2402 _ y) 1z ge2
A =[M LT “A™"]

dimension of RH.S =
Therefore dimension of p is [ML T-2472 !

Now the dimension of R.H.S of eq(iii) will be dimension of C x dimension of 1
dimension of% = [MLT2A2)[LT Y] = [M L2 T3472].
o

As the dimensions of electric resistance given by Ohm’s Law(V=iR) is

dimension of Potential dif ference(V) [ML*T 3 A™]
dimension of current(i) B [A]

= [M I2T347?

E . . . .
Therefore H—° has the same dimensions as that of electrical resistance.
la]

Also the value of % is a constant because the R.H.S of eq(iii) is the
Q

product of 2 universal constants.

6. Question

The sunlight reaching the earth has maximum electric field of 810 V m~1. What is
the maximum magnetic field in this light?

Answer
Given: Maximum electric field Ey = 810 Vm1,

The sunlight travels through vacuum in outer space to reach the earth. The
magnetic field and electric field are related to each other and their relation is



where E is the amplitude of the electric field, C is the speed of light in vacuum and
By is the amplitude of maximum magnetic field.

Thus the maximum magnetic field is

B Eo 810 Vm™ 27 x107¢T = 2.7 uT
" ¢ 3x10%ms—1 H

The maximum magnetic field is 2.7 pT.

7. Question

The magnetic field in a plane electromagnetic wave is given by
B = (200 uT) sin [(4.0 x 1015 s71) (t —x/c)].

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

Answer

Given: The equation of magnetic field of a plane electromagnetic
wave

B = (200 uT) sin [(4.0 x 1015 s71) (t -x/c)]

where the amplitude of magnetic field is B, = 200 uT-

The amplitude of the electric field is related with amplitude of
magnetic field as

E, = CXx B,

where C is the speed of light in free space and E) is the amplitude
of electric field.

Thus the electric field intensity is given as

E,=CXxB,

=(3x 10°ms™1) x (200 uT)

E, = 6 x 10*NC™1.

The energy density associated with an electric field is given as
Ug = %6,E;

where Uj is the energy density, € is the electric permittivity of free

space(vacuum) and is equal to 8.85 x 10712 ¢2 N1 m2 and E( is the amplitude of



electric field.

Thus the electric field energy density is given by

U; = Y€ EE

=% x (8.85 x 10712 C*Ntm™2) x (6 x 10*NC™1)?

= 159.3 x 107* Jm™®

U; =1.593 x 1072 Jm™3

The maximum electric fieldis g % 10* NC~! and the corresponding
electric field energy density is 1,693 x 1072 Jm™3.

8. Question

A laser beam has intensity 2.5 x 1014 W m2. Find the amplitudes of electric and
magnetic fields in the beam.

Answer

Given: The intensity of laser beam =2.5 x 1014W m2,

We have to find the amplitudes of electric and magnetic field. The
amplitude of the electric field is related to the intensity of the wave
by the relation

I=%¢y EEC

where

€ is the electric permittivity of free space(vacuum) and is equal to 8.85 x 1012 C?2

N1 m2, C is the speed of light in vacuum and is equal to 3 x 108 m s'1 and E( is the
amplitude of electric field.

[ =% e, EXC

g2 _ 21
7 Ce

- 21 2 x 2.5 % 1014
® [Ce, /3 x10%x8.85x 1012

E, = 4.339 x 108N/C.

The amplitudes of electric and magnetic fields are related as



Eq

where B is the amplitude of magnetic field in free space.

Thus the value of magnetic field will be

E, 4.339 =% 10% N/C
By=—=———m— = 143T.
c 3x10% —

The electric field amplitude is 4,339 % 108N /C and the magnetic field amplitude
is1.43T.

9. Question

The intensity of the sunlight reaching Earth is 1380 W m~2. Assume this light to be
a plane, monochromatic wave. Find the amplitudes of electric and magnetic fields
in this wave.

Answer

Given: The intensity of sunlight reaching the earth = 1380 W m2.
We have to find the amplitudes of electric and magnetic field if the
light is a plane electromagnetic wave. The amplitude of the electric
field is related to the intensity of the wave by the relation
I=%Y%ey, EGC

where

€ is the electric permittivity of free space(vacuum) and is equal to 8.85 x 1012 C?2
N1 m2

C is the speed of light in vacuum and is equal to 3 x 108 ms?

and EY is the amplitude of electric field.
.EI == 1!"2 ED Egﬂ'

21
Ceq

Es

. 21 2 x 1380
®" JCep, /3 x10%x8.85x 1012
E,= 1.02 x 10® N/C

The amplitudes of electric and magnetic fields in free space are related as



Eq

where B is the amplitude of magnetic field in free space.

Thus the value of magnetic field will be

E, 102 x 10® N/C .
By =— = ——— = 3.4 X 107°T = 3.4 uT.
C 3 X108 =

The electric field amplitude is 1.02 x 103 % and the magnetic field amplitude is
3.4 uT.



