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| 3 Chapter &

Electromagnretic Waves

|
|
- The Big Picture

! L{ghf’ s a wave of electric and maﬁneﬁt

fields |, oscillating together , travelling
f'hrouyh empf'y space. _Preo’:kfed by Maxwell
(}56.4_'). 3 confirmed by Herf'z (/8y77

What was m:'s:t}-.-q?

Ampere's law +ails for a charging capacitor.
Maxwell added displacement current to fix it
and out +ell the wave ezuahbn for I{ghf‘ y

{ F{F_ E and B asullatel in stgp | both
perpendicular ta direction |of travel.

Roadmap

|
I Displacement current MAax well egns ; Spectrum.
|
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- Meed for Displacement Currenf'

Consider a capacitor being charged by a
current L in the wires. A/e apply Ampere's

law on a f‘oop around the wire

Loop / (w:'re) : ;'nf'eﬁraf Bt ol

y|

M, | £

Mow choose a cfr'ﬂférenf' .surpace i:\u::nc..nv-n'.l"e!cff b-f _
the SAME loop bu{ﬁf'nﬁ between the plates
of the capacitor. Ao conduction current

crosses this surface

.| Loop 2 (plates) : integral e TR

Same loop |, two gurfaces | two answers ¥

-‘qu'Er(‘_'C law is incomplete.

MQK;AJE” : there must be a FRaPTOTT hfb!dfﬂ current

Scamed with CamScanner
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- Definition

__ bfkp/acemenf' Current

Between the plates | E grows as charge

builds vp.  Maxwell associated a current

with this chanﬁmﬂ Aux of E.

< - a"r'sp!acemenf

e S dF__E/dt
&= current

| i

where (DE = fnf‘?ﬁrﬂf E . dA
is the Hux of electric Field H}rouyh area.

Cheek o it efiuais

. Between plates .
| % i e i Qe
e _E o dE = CILE 2 dAldr = £ / €]

iy
g Qe (e, A

B

—

T (N SR T i

-

| So I__d matches the conduction current ¥

| Conh}guﬂy (s restored ﬁmpere'.s‘ faw works

. with the new term added.

F_—F ‘ Physrtaf meaning
| A Hme - var?»‘r'nﬁ E field acts like a current
Mo char:ges

l Lor Pmd‘ucmﬁ mayneﬁt felds.

actvally move across the gap.

Scamed with CamScannes
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~ each other -

T}us was H'lg yreaf‘ f'r:umph of Mascwell,

Date :

Page: o2

Ampere - Max el .Law _ _ '

/-'impere’s law , corrected ; becormes -

f}:f'gﬁrai Bahdls

SO O vk d'F_LE/Q’f i

£=1_< = conduction turrent

the e O dF/de = 7 4
Symboh'caﬁy :
fnfeﬁraf B dl = J_IO el RGN Fo
Both cwrrents  matter
In a sf-ead'-f wire Frdi= b 1 only L.
Between plates sk ma8 only . L__d.
In a transient mix - both contribute,
Szmmetd hint _
Faraday thanging B produces E. >
A/faxweﬂ

cha nging  E  produces B.

These two f'ayefher let E and B susfaf};

fraue.r'hhy ovtward as a wave,

A/o med.-urn needed E waves moue in W

Scamed wilh CamScanmer
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B \ | _A_@nﬂeﬂ's Four Eguations

e ‘_Inf‘gﬁrﬂf Form , in vawum * charges
i |

| /. (rauss for E
| integral E_. dA = @i/ £
Total electric Hux through closed surface *
| eguals enclosed charge P e
.
| 2.1. (ravss For B
I integral A s e AR

| Ao maﬁneﬁc monopoles - B lines close on

themselves.

3. Faraday
integral E . A=~ da/dr

l Chﬂﬂyl'nﬁ maﬁneh'c LHoux drives an EMF,

| 9. Ampere - Maxwell
| integral B . dI = Mo T o4pe dldr

Current +  changing E fux -7 mﬂﬁnf_ﬁ: Held.

E In +ree space
_Sei" 8= D e A, ﬂnfy the tirme - derivative
terms remain. Combirne 3 & "'.-" -7 wave ezuaf’fon

| For E and for B (next pagel.

Scamed wilh CamScanner
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Wave Eguahbn From Maxwell

In vawum (no charges or.currenf'.s)

cwrl E = - d3/dt
corl 8 = J[‘lf:}{o d'E/d‘f'

Tae curl of the first , svbstitute the second -

)= e /b

Standard PR va el SRR e R RO / _d'x 2 = (/v

d 2y / dF 2 . Comparing :

v szrf'{u___,o e__.O)“ <-wave speed

£-1n vdcdum

P,’uj numbers
,IJG:‘ﬂ_Ix}OJ T m /A
T B T O e AT ek

2

c-= speed
<ok f;_'ghr ”

Cgn A e el ) ?m/s

. So r"{ghf’ /s an werwrE EM wave - Maxwell J¥es,

i
Contirmed experimentally by Hertz in 1857.

{
]

Scamed wilh CamScannes
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Source of EM Waves

A stationary charge produces only an E feld.
A charye mowhﬁ at constant velocity gives

both E and B but no radiation.

Accelerated charge :ad:'a fes

An accelerating  charge produces a CHAM-IM=
B Field around i+ |, which produces a chanjfhﬁ
E field |, which J;Jmo’uces a changing B ‘

Wave-+#ront spreads outward at speed ¢

—

antgrmnd
—

Frequency = Source freguency

An LC oscullator at ﬁ'eguency £ radiates EM

wauves of the SAME Fﬂzuency £.

Waveienﬂf‘h e /) £ in vawum.

In medium v = F x lambda [P o
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NMature of EM Waves

Plane wave +orm

Far a wave mmﬁ}}y afonﬁ + x with E a:’onj v

and B along 2

| E == 0 e ( U x - J[ )‘i=€fe:i"rr'c
I ‘ —7 — w il

Boz = 8 0 an (.« x - w # )< magoin
J == Leld

_ i =4 2 P‘- / fambda = anju.‘ar w@e number
‘ e D v £ : = anﬁufar' ﬁﬁezuency
"C /< = C (vacuum)

¥

UZW/K

| L]

| :
I Three ey properties

| .
B 2 6d B 5 phoze . peak together

| LE pes B (perpendivlar vectors)

I‘@ Both Pff}ﬁ fo O’l}fcﬁbn of motion
|

-‘_-:/M wauves are TRANMSVERSE - Nno  compressions

e Or r@-fef?achbns , unlike sound waves.

Jcamed wilh CamScanner
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EM Wave ’ GEOmef‘r:/

|
o
| Draw the wave : E on V4 axis ', B on z axis :
_‘ propagation along + S S points along wv.
| :
'|
| -
| ;
. *
.
a i
.* 2 |
E | |
E | * ¥

*

g Fﬂ:? E f‘f‘nrp wave) and B (bottom wavel , =
: in step ,l perpendicular |, both perp o x.

| dh
i EF0 /) BO = ¢ . e o
4 e i ' : ;
. | lFrom fq;aday s law apphed fo a Strip .;
I Elen ) B B = <- amplitude ratio
.

Scamed with CamScanner ' " o _;:}E‘Ié
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Derivation

m
o
N
QR
)
¥

\

L - e - T —

Consider a rectangular loop in the x - y plare,

| length L along y , very thin dx along Xe o

; _._»‘_'Pefr_fqra!@y'#_ ffie A R

b [Lintegral E, idloz o dOJdt s ]
b | Uis . (E6) - EGad) ) L= - GdEJR) L de
O A (B L) = B L e

B | For E EE_C sinile ) SR8z _3_0 sin(kx - wt)

-

— e ]

._ & v o quf___,_)___;_;i\,_ BlO _c_of_(]__ __ ___ : _ —_ =

<-Key relation

1 80 is ting pext 1o E_o .

#s | B oFRcks dominate.
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EM Waves in a Medivm

Inside a dielectric / maﬁneﬁt medium , replace

e B e R and P S e L

et S / jzrf'( v e ) J <- speed in

<= miedium

For most transparent media 0 g O s

Fefractive index

F” = C / v = Sf’rf'( YRR I T ;’ < - Maxwell's

< - relation

where  er = 8 /o e O e vor = Ve AEEER

In glass - v 2ok SOV ¥ m/s ; In i
Ln water K /.33 b n Qir n =——t———

Frequency stays , wavelength shrinks

£ does nrof chanﬁe at a baund'ar-;{.

KMEJZ/{:/H

va

Color (= £ is the invariant I wauea‘enﬁrh i not.

LR

Scamed with CamScanmer




Enﬂy n an. EM Waug

An EM wave carries gneryy in both Helds

Energy density
E = //2 £ E® (electric)
T e S, (majneﬁt)

U.s:'nj B s i eandiapies 2 =4 Vi S s I

B = i o) =l E, E° = v _E

Ezua! share ¥ Electric and maﬂnehk parts

carry the same energy density.

3 2 ] ui;;gmnmnew;

u__total = g B A

_\éc_

Time-avera qed d Ens:'fy

L it Dol £ JE.-'Q‘;j (’auem\ge over cyde)

since £ Sin 2 2= L/2 ouver ong ol penba’.

Infensr’i"\f." G R R (Eﬂfr:?yf / area /  sec]
T A S Ec,Z (w / e

Solar constant at Earth /.36 «W/ e

Scamned wilh CamScanmner
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Poynting Vector &  Momentum

Enrergy Flows in the directisn of E x B. |

B | Dehine s e
i S a2 CE N B w0 <~ Poynting
Lo S iR BV AR LT L o S
B | Magpifude ~oieniSS = E B/ v .0 = intensity
B Gt W w2 ) :
ek ~ Direction ._a-F S = d'r}-fcf':bp_ﬁ of pmpayaﬁbn.
| 2 Linear momentum 3
| EM waves carry _r;nor_wenfvm 5
. _] - hs ; i
g2 fie £l Zsenergy
e | *
LT _Her;;g rad.-?.!'ﬁbn pressure on a surface - <
e P____r‘ad' T 1 / c (absorbed) 3
__'P__:,_r_'ao_’_.: s Tty (-R:Hy reﬂecf‘eo’)_ g

S@quc{f‘_ r'eg{' = contirmed by Michols and'__

Hu!! (1?03) Powers Fste= sails in space.

|
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All EM

iy | Seven tra di'f"_b:’_’?‘r_ P""”d’

P

| Eltctromagoen Spectrum

e wakies Cobey e i -P s !ambda
__1 g'ezuencsf / waueienjfh by hugge 'icfors- _

e
4 long lampda to shor+

F{g. Bands werl'ap at the wf;z.s - o

sharp boundaries between them.

——— = R et o S e ke T Rl

-
-

_d.Or_dé;eq

| ﬁacfrn < M;{mwaw < .Lz'? c.’ V:snbfg < U

_@f_ﬁzzﬂﬂiﬁ &

X - ray < Gamma

M IRV UX &
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Radio Waves & Microwaves

Radioc Waves :

AR R G e f < 3 GH: _
| Produced - oscllating LC circuits ; : :

:l frﬂn:mﬂ'hhﬁ ani‘ennas.l

|I Detected s re-.:er'f.-z;rhj antennas |, tumed coils.

|I Used in s AM ) Fmr radis i TV, cellviar

]

I FADAR (s"ower end of band),

3 - Microwaves : : .

3 A { oo 2l O o / - 300 GH:
' : Produced Klystrons | magnetrons |, Gunrn

_ e

3 ‘ Detected © crystal diode +  point contact. i

_ | Used in s RADAR i satellite |, microwave - :

| |

| OUenS\y WIS SEE  Blaetopth —; 1GES

3 | Why microwaves cook +ood

| Water molecules have a permanent dipole.

__ Microwave E  oscillates the dipoles rapf'a'fy
: Friction heats the water,

[}

Common ouven vses 2.9 (+H2 (re.snnance

tuned to water). Wﬁue!enﬁfh /2 o,

Glass | plastic - transparent ; metal reflects,

Scamed with CamScanner




Intrared FRadiation

A RO v
£ Rlx Yo"

Production
E mitted by hot bodies and molecules )

Erom wvierations of molecvlar bonds.

Sun fires j LEDs Filament bulbs.

Dt‘f‘tcfing_

Thermopile ,  bolometer , LR photodiode ,

specmﬁ-f bla :n(ened' thermmometer.

yse.s'

@ Heaﬁhﬂ ;IR lamps , physiotherapy.

@ [emote  controls TV . AC.

vision ; thermal rmaymﬁ.

warmth - ﬂr‘eenhouse eﬁ/-'ecf'.

(G=reenhouvse ettect

I Sun's wvisible passes rhmuﬁh atmosphere | Earth

re-eromits LR , CO2 and H20 trap i+ -7 war’mfhﬁ.

Scamed wilh CamScanines
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Visible Li af <o
o SR LT RIS e T s
. Y00 nm - 700 hm .
B 7 - 0" - 76 07 M
. | : Bai s
| Only band the human eye can detect. g
| Sub - bands. ( VIBGVOR ) et : e
L : !.-’r'm_‘gf' SN ‘f‘f@ nm ! A : : 3 ; ; E
B | Iodis 990 - 960 nm e .
z Eariites Ind ' S
B | Bfge = : Y60 - OO0 nm - gh’_ RUCS N
3 O e e ==,
R 3 ' 5 ¥
o~ | Meiow 70 - £90 nm : 4
T {__ﬂraﬁﬁe : £70 - 620 nm S 4
Ees ( fed SED o A0 E:
B Production 7 Detection 3
o= _ Prndfuced 4 atomic ef_ecf'rnrjr'c transitions | ) B
e | _:hcandesmnf' aleed': e LEDS , lasers |, Sun. . =
B | Detected - ﬂ':g Eyg : phgfayraphr’c Qf'r; ' TS
B | CC_Ds . _Phof'pmufh}:h'er tubes. _ 3
& | Photon _energy E = h £ i o
S K = 00 o Ecv28 o
i ﬂi:_o_;_tg bo{'ad'_ en_e_r:gﬁé_.s = a'rflfe_s phofgcﬁ2m13fry. e

Scamed wilh CamScanner



Ultraviolet Rays

= l Date : Page: /8%

A = 00 apk o 0D |
T e O S R O

—— Prncfur.hbn

Sun (a lot) ] arc lamps | Hj vapour

. very hot bodies ( T 7 9000 K ).

Dei'tthbn- :
i_ Phof’oﬁraph:k Rilm ( %ﬁ: easily l

Fluorescent screens , pPhotocells.

. Efcts
:® Tan / sunburn - o’dmaﬁes SKin.

!! @ Kills bacteria - used to sterilise.
:@ Cauvses Huorescence (W - blue ﬁfo.w).

|

lg @ Drives wvitamin - D pmduchbn in SKin.
|

g | @ Welder's  arc ﬁ:‘ues strong LV - eye d’amaje.

Ozone shield O

0, in stratosphere absorbs most w ; CE= a’gpfefe__fﬁf :

Scamed wilh CamScanner
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i

 Production

 High -

speed electrons hr'ﬁ":hﬁ a metal ta

| (Caaha'ﬁe tube . SIS0 T processes -

| (i)

get

Bremsstra hfun:? (bra r'nﬁ radiation)

|_ (i) Characteristic K i

i

line transitions

Detection

Phofngraph:t plate i C-ref'?er - Muller tube ;
|_ ionisation chamiboer

|

|

. Properties / Uses

1. Suntillation counter,

:| @ H{gh!y pgnefrah‘nﬂ - pass f'hrou‘gh fesh.
| _

l, @ Inm'sr‘nﬁ - d'amaﬂe DA ) Wil cells.
|

| :
| @ Medical f-mﬂﬂfﬂ‘? ;! bones

. teeth | chest.

| :
EO) Crystal  diffraction - atomic spacing
|

} wave!en'ﬁfh. 'Blra‘%; used this for structure.

i

|_® Cancer therapy (md:bf—herapy , <ontrolled).

Scafmed with CamScanner




Date : Page : 20

Gamma f\’azs

1O07° nm

JRRA
B > 2 % 07 Hs

Source
. Muclear transitions - emitted by radio -

active nucler when excited daufhf'er nuclevs

i falls +o ﬁrnund' state. .

Also From cosmic events :  supernovae

neutron stars |, pulsars | /B s.

Detection -

+ C?'E{?Ef - Muller counter , suntillator |

. Cerenov detector semiconductor diodes.

I@ Cancer treatment - Co - 60 f'herapﬂf.

' Sterilise suraical instruments.
| @ 9

:® Food irradiation - fonﬁ shelf Iife. .

-9
|

@ Probe  nuclear structure astrophysics.

Most penetrating - need lead shielding. _ i

Scamed wilh CamScanmer
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Spectrum - Quick Table 3

‘ -

Compare wavelengths and phofor-; energies

J Band lamibda £ (Hz) E (ev)
a

! Fadio .7 O m < 3e7 < Je-s~
ilI Migra . lmm = O.fem 3e7 - 3el/ fe-5= - Je-3
|I r TOOnm - Jmm Se//- Feld le-2 - 1T
:I Visible FO00 - T7O00mnm 9 - Tseld L7 - Ry
W /0 - " 900nm 7.5/ 3ese 2. - 129
| Xeray : 0.0/ - /Onm Ze/6- 3es? 129 - jes
| Gamma < D.r.‘::f i 7 3es? 7 e
| .
|
. Motes

bl lareidn,

|

| Photon energy Eooe ik F =
# BiXele® VD 29 T = 9y w8 s
(R T e AR iy 7 6 7 R (useful shortcut).

Bands overlap and have fuzzy edges.

Same‘ph?r.s:k: ; only the energy scale chanjres.

e

Aﬂ fravel at ¢ In vacuum - "ﬁﬂ*"l‘?'iﬁswﬂ? Same SPEEd-

_f‘_‘fﬁher f L ma:ﬂe enexyeh'c -7 more harmiul,

Scamed wilh CamScannes
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Worked Example - 7

X
.| Q& An EM wave in vacwum has lambda = $00 nm.
3 T—I (a) Find its Freguency . '

W) TF°E 0" = 30 V/m , find B_o.

| (<) Find intensity.

|

|

- Solution |

(aJ ¢ = Flambda -7 £ = ¢ / lambda
Lais e W) £00 x /O

£z 6 x 10”7 Hz

| (b) Lo e E___O. Aike
O = 20 [z % 707)
O = JO T = 10D »T

G/ = 2 e O END 2 _

= 0.5 x Rife /) x 3F x (30)°
= O x Fise-/2 x 2e¥ x 700
== ;.f"? w /) m’

2 (R o

=

Mote on units i

Afwa:f.i convert lambda to’ mefres Lirst &

nm = 7O m , Hm = 10 m , = O .

_(_‘_,onjmon mistake - %geﬁ;}aﬁ = factor of /0.

. :J“
i ‘Lross - chz_u( by _dr'menstbns ”

I

Scamed with CamScannes
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Worked Example - 2

Q. A parallel - plate capacitor of plate

area A is bf!hﬁ c'harﬂed' so that the electric

feld between plates grows at  dE/dt = 10 10
Vs Eind.the displacement current
a’ens#y between the plates.

Solution ¥
bod = £, d . / dt

Current d'en:ff'y Fod g

t
Ll

J_d = €, dE / dt

y|

F. T J07% 5 10

H

EXE o SO A )it
T d 0.0 A )

ﬁgmaﬂ(

lepfacEMEnf' wrrent is a real current for

| purposes of Ampere's law | fhouyh o charﬂe
actvally Flows across the 9ap.

It is the dE / d¥ term doing the work,

Scamed with CamScanmes




Summa . Key Formulae
- & v 4

Maxwell + speed
ey = € dpJdr

fhf'eﬁra! Boo gl = !JO(I + I_.d?
e / szrf'(}._lof:o) = 3 x 10° m/s

Wave relations
E=E;

B = B, sinlux - wit?

_EO/E =

o

sinlux - wit?

In a medivm
o = / .‘Izrf‘(lu £)
oy Szrﬂ({r [.Jr)

Energy & momentum
€, EX = 8%,
//2 £ pS EOZ

(B Bl bl
Tof e labe) ¢

Spectrum order

Fadio < a‘lf_fr'c o < IR < Visible <

W < X - ray < Gamma (J::?' #exuency).

All travel at ¢ in vacum. EAD - ch ¥.
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