Chapter 34

Electromagnetic Waves



34.1 Maxwell’s Equations and Hertz’s
Discoveries

rAdll) A ) calaally Jo guSle e (o

4; B-dA =0 (34.2)  Apdalinall & (e sl8 o8
dD s
i#; E-ds = — drH (34.3) @Il o 58
APy Les ol o oili
B-ds = pol + pogg— (34.4) JasmSla s sl o5



E_a dE 1da
B dt &y dt

do dE

$E=€OE

:>dq—I—A dE
dr - %0gg
dE dog

AEO E =& _dt

w\}\da&d\@uﬂﬂ\ uﬁ\ﬁé&ﬁ,}m\‘fﬂ\@w\ o&)
i gLl

[ =

sl Al ) Albed) Jia Caa
L.,Sm Aalall 4 ) gn @ ):\,1.4\
cllaadl o ABdell Caan
Skl 5 il el s asidalind]
Jalsill o g G Al e
Js (bl Jlaall ol
& sana (5sbu Gl jlua (g
el A el el s
Jaadl @ i Jarag
Llae zha ) DA i e

(Bl el



/ Input \

Inductuon
coil




34.2 Plane Electromagnetic Waves
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We can relate X and B to each other with Equations 34.3 and 34.4. In empty space,
where ¢ = 0 and I = 0, Equation 34.3 remains unchanged and Equation 34.4 becomes
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— (34.6) wave traveling at velocity ¢ in the

0x ot positive x direction. The electric
aB aE field 1s along the y direction, and
— = — M€y —— (34.7) the magnetic field is along the z di-
ox at rection. These fields depend only

on xand £
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Taking po =47 X 1077 T-m/A and € = 8.85419 X 10712 C*/N-m? in Equation
34.10, we find that ¢ = 2.99792 X 10% m/s. Because this speed is precisely the same as
the speed of light in empty space, we are led to believe (correctly) that light is an elec-
tromagnetic wave.
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E = F_ . cos(kx — wi) (34.11)
B = B . cos(kx — wi) (34.12)

k= 2m/A, where A is the wavelength
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That is, at every instant the ratio of the magnitude of the electric field to the
magnitude of the magnetic field in an electromagnetic wave equals the speed of

light.
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Example 34.1 An Electromagnetic Wave
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Solution Using Equation 34.13 for light waves and given
that f= 40.0 MHz = 4.00 x 107 s, we have

3.00 X 108 m/
- n/S  750m
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The period T of the wave is the inverse of the frequency:
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(B) Atsome point and at some instant, the electric field has
its maximum value of 750 N/C and is along the y axis. Cal-
culate the magnitude and direction of the magneuc field at
this position and time.

Solution From Equation 34.14 we see that

E ax 750 N/C 3 .
c 3.00 X 10° m/s 2-3
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Because E and B must be perpendicular to each
other and perpendicular to the direction of wave propa-
gation (x in this case), we conclude that B i1s in the z
direction.
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(C) Write expressions for the space-time variation of the
components of the electric and magnetic fields for this

wave.

Solution We can apply Equations 34.11 and 34.12 directly:
E = E . cos(kx — wt) = (750 N/C) cos(kx — wi)
B = B cos(kx — wt) = (2.50 X 107°T) cos(kx — wt)

where
w = 27f = 27(4.00 X 107571 = 2,51 x 10® rad/s
k== = 2™ _ (838 rad/m

A 7.50 m



34.3 Energy Carried by Electromagnetic Waves

The rate of flow of energy in an electro- magnetic wave is described by a vector §, called the Poynting vector,
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Because B = E/¢, we can also express this as
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34.6 The Spectrum of Electromagnetic Waves

Frequency, Hz
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Figure 34.12 The clectromagnetic spectrum. Note the overlap between adjacent wave
types. The expanded view to the right shows details of the visible spectrum.



Derivation of Equations 34.6 and 34.7

%E-ds = —

E(x + dx, t) = E(x, ) +

{:’,{Dg
dt

dl
dx

dx

:| { constant

. dF
Elx, t) +— dx
dx

dl
f!; E-ds = [E(x+ dx, H € — [E(x, ) |€ = £ (6—) dx .
X 1
‘(1.1'—)
dd 1B ab :
Hz{’dx(— = {dx — s
dt dl | constant at E
dl ab
1‘?(—) dx = —€dx —
ax dl o
dl _ ab I e ThEw
ox ot o



%B-dsz [B(x, 1)]€ — [B(x—i—dx,ﬁ)]fﬂr——f(a—B) dx y

dx

9% dl
B+ JAB

Substituting Equations 34.17 and 34.18 into Equation 34.5 gives
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