
E LE CTRO\L{GNETIC WAVES

IntlodUction

We shrdled l\al lne e€c- a te = at'ralaes a

magnetic field (magnetic effecls or :--e.: ard a

magnelic field changing with t'me gtyes os€ to an

electric fleld(eleckomagnetic inductionl James Clerk

l,,4axwell (1831 -1879) argued that not only an electrE

clrfienl blt also a time varying electric tield

generates magnetic field He formulaied a set of

equatrons known as Maxwells equations involving

eleclric and magnetlc fields. The most impoatant

predrction to emerge frorn Maxwell's equations is the

exislence of electromagnetic waves, which are time

varying electrlc and magnelic fields propagaiing in

space The speed of the waves according to his

equatrons turned out to be very close to the speed of

light obtained from optical inskuments. This led to

lhe conclusion lhat light is an electomagnetac wave.

[,4axwell s work lhus unified the domain of eleckicity.
rnagnetisrn and light. Herlz experimentally

dernonstrated the exislence of electromagnetic

waves lts technological use by lvarconi , Bose and

oil'ers led in due course to the revoJution in

aomrnunlcahon that we are witnessing today.

Sources of Eleclromagnetic Waves

Nelher stationary charges nor charges in
lnio.m moton can be sources of electromagnetic
raves The former prodlces only electrostatic
r'eldswhrle the laier also produces magnelic flelds
lrn cn 0o not vary with time According to Maxwell's

lheory accelerated charges radiate electromagnetic

Consder a charge oscillaiing with some HerE's Demonstralion ot Electromagnetic Waves

r.equency This produces an oscillating electric fietd The experjmeni that conclusively

. space, which produces an oscillating magnetc demonskated ihe exislence of electromagnetic

netd. which in turn is a source of oscrllatjng etectrc waves was first performed by Heinrich Hert2 in 1887

Ield and so orr The oscillaling electrlc and magnetc The experimental arrangemenl is as shown in the
lelds thls regeqerate each other and as a result  the fgure

wave propagales lhrougi lhe Space Tne lreqLencr
6olfvut lLl ^ r- nr-.:-.

tltT - s

of the eleckomagnelic wave naturally equals the
freqlency of oscillation of the charge

From the above discussion it might appear
easy lo test the prediction that light is an
eleclromagnetic wave. 8ul at present it is not
possible, because for the production of say yetlow

1i9ht having frequency 6x10'"I12 we have to set up

an oscjllator circuit having frequency 6xl0ra11z-

But even with the modern electronic circuit the

fiequency generated is hardly above l0" F1z. This is
why the experimential demonstration of
electromagnetac wave had to come in the low
frequency region.

The experiment that conclusively
demonstrated the existence of eleclromagnetic
waves was firsl performed by Heinrich Herlz in 1887
HerE s successfLrl expeaimental test ol l\,,laxwell's
theory crcated a sensation and sparked off othe.
important works in this field. Two important
achievements in this connection deserve mention.
Seven yeaE after Hert Jagdish Chandra Bose,
working at culcutta, succeeded in producing and
observang eleckomagnetic waves of much snonet
wavelength (25mm to smm). At around the same
time Marconi in ltaly followed Hedz's woft and
succeeded in transmitting electromagnetic waves
over distances of many kilometres Marconls
expenment marks the beginning of the field of
communication using electromagnelicwaves



Nalure of Electromagnetic Waves
a
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The diagram shows the electrrc andl
magnetic fields in Ihe case of an etectrcmagneltc l
wave. Here electromagnetac wave is propagatihgF

along X axis, electric and magnetic fields are atonoli
Y-axis and z-axis respectively tTwo large metat sphefes Y and y' are

attached to two large metal plates X and X'
respecttvely. The spheres are connected to an
,nductiJn coil Interrupting currents in an jnduction

coils, a sudden high vottage is applied across lne
gap. The voltage is high enough to ionize the air jn

the gap and spa*s jumps lhe gao Since lhe ah is
ionized. the spark gap consists of electrons and tons
from t,1e aif which oscillate back and forlh. This
process results in the production of electromagnelio
waves. The frequency of electromagnetic waves s
determined by the induclance and capacileflce or ne
corls or rods that form the gap.

To detect these weves, Hertz designed a
detector which consisted of a single loop of wire
connected to two spheres C and C tt had ils own
effective inductance, capacitance and natur3l
frequency of oscillation The electromagnetrc waves
reaching the gap of the delector had an etectric ield
srong enough to establish a high potentiatdifference

between the gap CC, and cause a spark This shows
me pr,sence of electromagnetic radiations The
produdion of sparks is maxmum when CC is
paral lel  to YY'and thefe is no spark when the gaps
aae perpendicular io each other. This shows that the
electric vector of radiation produced by the source
gap is p3railel to the two gaps, ie in a orrecrron
perpendicuiar to the direction of p.opagation of the
wave. Th,s clearly demonstrates thal the
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There rs no electnc f€td as€ x ii*r irt v arE
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In the above equaiio'rs t, a_c 3- 
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respectively The magnitudes ot E a4c I are .elated

ov ' 
-. or "L = c where c rs lhe speed o'
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electromagnetic waves l\raxwell showed that the

speed of electromagnetic waves s related to the

oermeability and the permittivity ol lhe medrum

through which it propagates. The speed of an

electromagnelic wave in free space is given by

Where lr0 = 4r x l0'r Nrt lCt is the permeability

or rree space and r: ,  R.85 r l0-r?C? ,  A/n '

c = 2.99792x10'n/ s
ln any other medlum the vetocity of electromagnetic

c
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Displacement current

We have seen that an electaical current

produces a magnelic field around it. Maxwell showed

lhal for logjcal consistency, a chenging electric lield

must also produce a magnetic field. This effecl is of
great rmportance because it explains the existence of
radio waves gamma rays and visible light as welt as

all other forms of eleckomagnetic waves

To see how a changing etectfic fletd gives

rise to a magnetE tleld, let us conside. the prccess ot
charglng of a capacitor and apply Anrpere's circuital

lawg'venb/ lB, l l  -  p, i l t l  to trnd nagnerc fretd al

a point outside the capacltor.

-_=_--
,l p€ ,lprp,Eo€,

Fgure shows a parallel plate capacilor C hhich is a

part of circuil ihrough which a limeiependent

current i(t ) flows to charge the capacitor. Let us find

lf'e mag4etc field at a point such as P, In a region

outside the parallel plale capacitor. For this, we

consider a plane circular loop of

radius r whose plane is perpendicular to the

directionof the current-caarying wire, and which is

centred syrnmetrically with respect to the wire . From

symmetry, the magnetic field is dkected along the

cfcumference of the circular loop and is the same ir

magnitude at all points on the loop so that if B is the

magnitude of the field, then we have

Bx2rr  = poi( t ) .

Now, consider a different surface, which has

the same boundary. This is a pot like surface

tbl

which nowhere touches the current, bul has
its bottom between the c€pacitoa plates; its mouth is
the circular loop mentioned above. Another such

surface is shaped like a tiffin box (without the lid)



Now if the charge O on the calpacrtor ptates chang€

c
(c)

On applying Ampere's circuital law lo such

surfaces wilh the same perimeter, we find thal the

left hand side of the abo're equatlon has nof

changcd bul the right ha,]d side r< 7F-o a.1d 'rot .// i

since no current passes through the surface of (b)

and (c). So we have a contrzdiction; calculated one

way, there is a magnetic fleld at a point Plcalculated

another way, the magnetic tield a! P is zero Since

the contradiction arises from our Llse of Amperes

circuital law, this law must be missing somethlng

The rrissing term musl be such that one gets the

same magnetic field at point P, no mattel what

surface is used.

Or in the simplest sense lvlaxwell assurned

that all electric currents must be closed ln the

condenser the conduciion cufient is closed by

displacernenl curlent in the dielectrc between the

plates. ie inside lhe capacitol through the surface S

between the plates of the capacitor thefe is ele.tic

field ll ihe plates of thb capacitor have an area /\,

and a total charge Q, the nragnitude of the eleclric

f ield E between the plates is 6=9: 1 L
€n Aeo

fleld is perpendicular to the suface S ol figure c lt

has thg same magnitude over the area A of the

capacitor plates, and venishes oulside t So the

eleclric flux f/, through ihe surface S is (usng

Gauss's l3w),

with time there rs a current i = 49

Differentiatrng (1)w r.t  t ime

dqt ,d lQteo) ,
dt dt

dd. l d0,
-=-t  

. , I  = €^-
dt €a "dl

1 ,lQ

This is the missing lerm in Ampere s crrcuital law 
-

we generalize this law by adding to the total currei

ca'r,ed by conduclo.s througn the surface. anoliL-

term which is t0times the rate of change 
L-

electricflux through the same surface the total h(

the same value of current I for all surtaces lf this!

done, there is no contradiction rn the value olt\

obtained anywhere using lhe genera|sed Amper\

law. B at the point P is non-zero no matter whlc

sudace is used for calculating rt u at a pointq\

outside the plates (fig a) is the same as at a poin'{

just inside, as il should be. The current carned E

conductors due to flow of charges is caliE

conduction cunent. The curlenl given i

dd.
i - c.IJ.-l: r, a new terrn. and 's due lo changt\

electric fleld (or electric displacement an otc te;

still used somelimes). lt is. therefore cai

displacement currenl or Maxwells displacemq-

curfent. 
I

c.-

Figure above shows the electrlc and magnet a nla

.1sioe .1e paralel  olale capaciror d ' .cu.seO ao, ] .

The gen;ralisatron made by Maxwell then rs 
-\

,olow'rg t l .e source Or a maglF 
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the conduction eb<-. 1.'=_r >-E E lt-!'r:

leld Mo'e p'ec.sely tE t:? :--+- .< :-+ s-- :i

f ie conduci ion cJqei t  c{ : . - :  - ,  . - .= -4

. do,
we nave rrr  t t t : t ,  t to- ,  l .  exp,cr l  tefms,

this means that outside the capacitor plates we have

only conductpn current i  =iand no dtsplacement

currenl i  e i '  = 0 On the olher hand, inside the

capacrtor, there is no conduction current, I e. i. = 0,

and lhere js only dispJacement current, so that

The generalised (and correcl) Ampere's
crrcurl€l lavr' has the same 10rm as

lb.ar 
= patlt lwilh one drflerenc€ "tne totat cunent

passrng through any surface ofwhi6h the ctosed toop
rs lhe perimetel' is the sum of the conduction currenl
and the displacement currenl.

aQlre general lsed law 's JlJ.dl  -poi .  I  p ta;

aio ts known as Ampere,l\,,laxwell law. In all
'esDects the disDlacement curent has the same
Dhvsrcal etfects as the conduction curent In some

-ses 
ror example steady etectric ftelds in a

aonoucung wlre. the displacemenl currenl may be
zero srnce the electric field E does not change wln
trme rn other cases, for example the charging
caoacilor above both conduction and displacement
currenrs may be Dresent in diflerent regions of space
In most of the cases. they both may be presenl In tne
same regron ot space, as there exist no perfect y
conducting or perfecfly insulating medium Mosl
rnterestrngly. there may be lafge regrons of space
where there is no conduction currenl but there is
ony e drsptacenenl cu.rent due lo l rrr le-varytrg
erecr.rc frelds In sL(n a regron we e,pe-l  a
magnetic f ie ld.  though there is no (conoucron)

:-r_r: soL.ce nearbyt The prediction of srrch a
:lsaatse.t cufient can be verilied expeimentally.
=:. €re.nple a magnetic field (say at point M)
:eiiee'r trle ptates of ihe capacitor in Fig. 8.2(a) can
ae ne?sured and ts seen to be the same as that just
cutstde (at P) The displacement currenr nas
llfteially) far reaching consequences. One thing we
rmmed€lely notice is that the laws of electricity and
magnersm are now more symmetrical. Faraday's law
of induction staies that there is an induced emf equal
to the rate of change of magnetic flux. Now, since the
emf between two poants 1 and 2 is the work done per
unrt charge an taking it frorn 1 to 2, the existence of
an emf impties the existence of an electric tield_ So,
we can rephrase Faraday's law of electromagnetic
induction by saying that a magnetic field, changing
with tifie, gives rise to an electric field. Then, the fact
that an electric tteld changing wilh tjme gives rise to a
magnetic field, is the symmetrical counterpad, and is
a consequence of the displacement current being a
source of a magnetic tield. Thus, tine- dependent
electic and magnetic fietds give dse to each other!
Faradays law of etectromagnetic induction and
Ampere-Maxlvell law gtve a quantitative expressio.l
of this statement, with the current being the total
current

Characteristics ot Displacement Curent
* Displacement current is a current only in the

sense that it produces a magnetic field
.:. The magnitude ofthe displacement current rs

equat to the rate of change of electric
displacement veclor

* The displacement current serves the
purpose to make the total cuffent continuous
a(,oss l l-e dtscontt lui ly i l  a conducton
curent.

displacement current denoted l,

!

Maxwell's Equations-

I  t )  |  
-

lFrn -:,, 
] 

causs s raw for ereckicity

[aat  o Gauss s law for
magnettsrn



Faraday's law

Io.ar =poi. + poeo4L
.aI

Ampere-Maxlvell law

Electromagnetlc Spectrum

Itraviolet spectrum

Properties ol Electromagneti

The classillcation or electromagnetic waves

according to frequency is the eleckomagcetic

specttum. The electromagnetic spectrum consisls of
gamma rays , X-rays, ultra violet rays, visible light,

infra red radialion, microwaves, radio waves etc A

small part of the electromagnetic spectrum ie visible

spectrum is the only part of the speclrum visible to

hurnan beings. Since our eye cannot see the
spectrum beyond lhe red and violet extremes, this
paft of the spectrum is called the invisible spectrum.

The pcrtion of the spectrum just beyond the red end

is called the infrared spectrum while the poriion of
the speckum beyond the violet end is celled

All the electromagnetrc waves trevel wrth tt

same speed which is equal lo the speed ol  lo l

I
J. lu m/r  rn vacuuml = 

-\lPr€a

These waves do not require a medi lm \

propagalron
I

Eleclric and magnetrc rields

electromagnetic wave tn free space a,e arwaJ

Perpendicular to each other :nd ar(

perpendicular to the direci ion or propegal. .  i
Ine wave.

The electric and magnetic fields have the

frequency and are in phase
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r  Electromagnelrc *ar i - :

rnomentunr

.  Whpn pla.rr^m:dnF

exerts a pressure on the suda:€ I :'e iaaa

energy transfened to the sudace ln ime I rs u

ihe total  momentJm de. rere: : :  : -r  s-/a:e .s

-u
c

" They elhlbit properues ol refleclron 3nd

* They show phenomena of Inteaference and

. They show lhe phenornenon of polarrsation.

Thus electrornagnetic waves are transverse n

nature

Simple Propefties and ljses ot Diflerent

Electromagnetic Radiations

n Radlo waves : Radio waves are produced by

the accelerated motion of charges in conducting

wires These are the waves with very high

,vavelength The frequency of radio wave is

below l0 '  H:. l t  mey extent up lo loer/z The

r?iarergtr-  ,s aroundl0" A These waves a'e

useC marnly in communicetion as waves of short

and medrum band in the radio receiver and for

TV communicalion syslems The ceilular phone

also uses radio waves(UHF)

They are used in rad,o ano lelev,sror

communication syslems They are generally in

the lrequency .ange ftom 500 kHz to about 1000

MHz The A[. , ]  (ampi i tude modulated) band is

fron 510 rH1 lo 1710 kHz Hrgher lequencies

upto 54 MHz are used ior shorl waye bands TV

waves range from 5,4 MHz to 890 MHz. The FIV
(frequency modulated) radio band extends lrom

88 MHz to 108 [,,1H2 Cellular phones use radio

waves io transmil voiCe communicalion In the

|] l t rahigh frequency (UHF) band.

: ftro wav€s : Microwaves(short wavelength
'a:.: *aves). with frequencies with in the

:aa-e-: range a.e produced by specialvacutim

:-a€sra2lled klystrons, magnetrons and gunn

: .cesr The lrequency range I0' l0" Hz

The wavelength range from 3xl0'A-10" A

They are used in communicetion for

transmission of RADAR and TV signals. Micro

waves are often used to transmit telephone

conversauon. Micro wave ovens are used for

cookrng.

! Infrared Rays : The frequency range

10"-8xl0tt l lz. The infrared region extends

from The wavelength range from

8000,4. 3xl0?A.The are invisible radiations

which produce a heating effect. Thls is because

water molecules present in mosl of the matefials

readily absofb infrared rays and after absorption

their thermal motion increases , that is, lhey heat

up and heat the surroundings. lvany other

molecules like carbondioxide, ammonla etc also

absofb infrared rays. They do not affect ofdinary
photographic plates, however they affect

specially trealed photographjc film. They are

detected by heatrng property lsang a thermopile

or blackened bulb thermometer. They are used

for therapeul.c purposes by doctors, in

photography and as signal lights, since they are

scattered less by the atmosphedc air because of

iheir long wavelength. Infrared radiation also
plays an important role in maintaining the

earlh's warmth or aveEge temperature through

the green house eifect.

Visible Spectrum

Colour

range IO14 IIz

Wavelength

range

nearly(A )
Violet 613-1.6 3800-4460

ndrgo 6 47-6 73 4460-4640



Elue 6 016 47 4640-5000

Green 5.19€.01 5000-5780

5 07-5.19 5780-5920

Orange 4.er'-5 07 5920€200

3.75-4.84 6200-7800

Ultraviolet Rays : The frequency rang-"

4xl0r'  l0 6 t/ :  The u:lraeolel radratrons

extend in the range of wavelength l he

wavelength range ffom l00A-4000A. lhe

sun is an important source of ultfa violet lighl

They can pass through quadz b!t ordinary glass

absorbs ult.aviolet radialions. They strongly

affect the photographic plate as they are most

chemically active. They provide vitamin-D lo our

body They are used for sterilizing purposes. to

detect the purity of gems, eggs, ghee etc

Welders wear special glass goggles or face

masks with glass wiqdows lo prctect tieir e/e:

from large amount of UV produced by welding

arcs. Dle to its shorter wavelengths, l,\/

radiations can be locussed into very narlow

beams for high precision applications such as

LASIK (Laserasstsled In si lu !eralomileusis) eye

surgery. UV ramps a'e used to t i l  ge'rns in

water purifiers.

X-Rays: The frequercy,a4ge I0 ' '  l0 ' 'H:

The wavelength range The wavelenglh rarlge

called green house effecl

korn 0.lA-l00A.They are trsed for deteci lng

fractufe in bones, teeth etc and they are used for

studying atomic arrangement in cryslals and

cornplex molecules.

i  Ganma Rays : The frequency fange above

l0'0I12. The wavelength is shorter than ] 'he

wdYe'englh ralge fron n. l^ - l 'e/  ato use a

medical science lo kill cancer cells and ln

industry to check welding

Green house Eltect
The atmosPhere Fermits the ,,t:-,n.]:f.

€diation to p3ss through ft but provtdes a t'3ie.irrE

cove. from lhe hamtul radratron sucn as x ray*

ul l ravrclet rays elc Tiese radralors dre abso'b6l i

by the ozone layer Energy from the sun heats tf€

earth which ilself rediates infrared €diatton

However earth being at a lower lemperature emrL

i-tared €diatrcn ot lonqer wave'enolh Ttsese a;

unable to cross the lower atrnosphere as it rellecls

them back. on this account eanhs atmosphere lb

r,cher rn rntra red radetror or ti,e:r:ral ladla:lcr' L c!=

lying cloLrds too prevent escape o'  in l  a tad adial  oq

thus keeping lhe earth walm ttrrs pnenomenon lt

!
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