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Ultraviolet Vision

- Many insects and birds can see
ultraviolet wavelengths that
humans cannot.

« As an example, the left-hand
photo shows how black-eyed
Susans look to us.

» The right-hand photo (in false color), taken with an
ultraviolet-sensitive camera, shows how these same
flowers appear to the bees that pollinate them.

* Note the prominent central spot that is invisible to humans.
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Learning Outcomes

In this chapter, you’ll learn...
* how electromagnetic waves are generated.

* how and why the speed of light is related to the
fundamental constants of electricity and magnetism.

* how to describe the propagation of a sinusoidal
electromagnetic wave.

« what determines the amount of energy and
momentum carried by an electromagnetic wave.

* how to describe standing electromagnetic waves.
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Introduction

* Why do metals reflect light?

« We will see that light is an
electromagnetic wave.

* There are many other examples
of electromagnetic waves, such
as radiowaves and X rays.

 Unlike sound or waves on a string, these waves do
not require a medium to travel.
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James Clerk Maxwell and
Electromagnetic Waves

RN
& o

* The Scottish physicist James
Clerk Maxwell (1831-1879) was
the first person to truly understand
the fundamental nature of light.

* He proved in 1865 that an
electromagnetic disturbance
should propagate in free space
with a speed equal to that of light.

* From this, he deduced correctly
that light was an electromagnetic
wave.
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T 3 Qencl ’
%E *dA = —— (Gauss’s law)
€0
— —F . .
B-dA =10 (Gauss’s law for magnetism)

fﬁ edl = _B (Faraday’s law)

— —» ) d(I)E
B+dl = po| ic + eg—— (Ampere’s law)
dt encl
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Electricity, Magnetism, and Light

» According to Maxwell's equations, an accelerating electric
charge must produce electromagnetic waves.

» For example, power lines carry a strong alternating
current, which means that a substantial amount of charge
IS accelerating back and forth and generating
electromagnetic waves.

(b)

* These waves can produce a buzzing
sound from your car radio when you
drive near the lines.
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The Electromagnetic Spectrum

* The frequencies and wavelengths of electromagnetic
waves found in nature extend over such a wide range that
we have to use a logarithmic scale to show all important
bands.

* The boundaries between bands are somewhat arbitrary.
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Figure 32.3 Electric field lines of a point charge oscillating in simple harmonic motion, seen at five instants
during an oscillation period 7. The charge’s trajectory is in the plane of the drawings. At7 = 0 the point charge is
at its maximum upward displacement. The arrow shows one “kink™ in the lines of E as it propagates outward from
the point charge. The magnetic field (not shown) contains circles that lie in planes perpendicular to these figures
and concentric with the axis of oscillation.

@t =0 (b)t = T/4 ©t=T/2 (d)t = 37T/4 (e)t=T

209,792,458 m/s.

2
|
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The Electromagnetic Spectrum
Waveler;gi;:” : JQ’ 9@ i § ’3,':
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Visible Light

* Visible light is the segment of the electromagnetic
spectrum that we can see.

* Visible light extends from the violet end (400 nm) to the red
end (700 nm).

Table 32.1 Wavelengths of Visible Light

380-450 nm Violet

450-495 nm Blue

495-570 nm Green

570-590 nm Yellow

590-620 nm Orange

620—750 nm Red
@Pearson
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[nvisible forms of electromagnetic radiation are no less important than visible light.
Our system of global communication, for example, depends on radio waves: AM radio
uses waves with frequencies from 5.4 X 10° Hz to 1.6 X 10° Hz, and FM radio broad-
casts are at frequencies from 8.8 X 10" Hz to 1.08 X 10% Hz. Microwaves are also
used for communication (for example, by mobile phones and wireless networks) and for
weather radar (at frequencies near 3 X 10° Hz)

TEST YOUR UNDERSTANDING OF SECTION 32.1 (a) Is it possible to have a purely electric
wave propagate through empty space—that is, a wave made up of an electric field but no magnetic
field? (b) What about a purely magnetic wave, with a magnetic field but no electric field?
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I (a) no, (b) no A purely electric wave would have a varying electric field. Such a field neces-
sarily generates a magnetic field through Ampere’s law, Eq. (29.21), so a purely electric wave
1s impossible. In the same way, a purely magnetic wave is impossible: The varying magnetic
field in such a wave would automatically give rise to an electric field through Faraday’s law,

Eq. (29.20). YIMSNY
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A Simple Plane Electromagnetic
Wave

* To begin our study of f ‘
electromagnetic waves, imagine g) | Planarwave front
that all space is divided into two B/ E"‘ \
regions by a plane perpendicular Br 17:,'
to the x-axis. By E=0

o

. At every point to the left of this FL OL g °
plane there are uniform electric B/ 1" =
field magnetic fields as shown. e / /f T

* The boundary plane, which we
call the wave front, moves in the
+Xx-direction with a constant
Speed c.

The electric and magnetic fields are uniform
behind the advancing wave front and zero in
front of it.
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A Simple Plane Electromagnetic Wave

Figure 32.5 An electromagnetic wave
front. The plane representing the wave
front moves to the right (in the positive
x-direction) with speed c.

y
E i Planar wave front
B E
“ b By
B4 E=10
P i «E._ B f 0
s E i
Rl

The electric and magnetic fields are uniform
behind the advancing wave front and zero in
front of it.
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Figure 32.6 Gaussian surface for a
transverse plane electromagnetic wave.

The electric field is the same on the top and

bottom sides of the Gaussian surface, so the

total electric flux through the surface is zero.
y

The magnetic field is the same on the left and
right sides of the Gaussian surface, so the total
magnetic flux through the surface is zero.

dd
ddg = B(ac dt), TB = Bac

Electric-field magnitude ~ Magnetic-field magnitde

}f — Cg Speed of light (32.4)

P, 1L VACTITLINL

Electromagnetic wave
in vacuum:
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Figure 32.8 (a) Applying Ampere's law
to a plane wave. (Compare to Fig. 32.7a.)
(b) In a time dr, the electric flux through
the rectangle in the xz-plane increases by
an amount d®g. This increase equals the
flux through the shaded rectangle with
area ac dt; that is, d®g = Eac dt. Thus
ddg/dr = Eac.

(a) In time dt, the wave front moves
a distance ¢ df in the +x-direction.
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d®y = E(acdt).!

Magnetic-field magnitude
oy .
B = eyuocE :
A 0{1“0 %.....- Speed of light
Electric™ Magnetic  in vacuum
constant  constant

Electric-field magnitude
Electromagnetic wave A
in vacuum:
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1 _Electric constant

aves Ve = = (32.9)
taves i vacm V €l Magnetic constant
L e -

Speed of electromagnetic -...

Inserting the numerical values of these quantities to four significant figures, we find

1
V/(8.854 x 1072 C2/N-m?)(1.257 X 1075 N/A)

= 2.998 X 10® m/s
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Key Properties of Electromagnetic Waves

We chose a simple wave for our study in order to avoid mathematical complications, but
this special case illustrates several important features of all electromagnetic waves:

1. The wave is transverse; both E and B are perpendicular to the direction of propa-
gation of the wave. The electric and magnetic fields are also perpendicular to each
other. The direction of propagation is the direction of the vector product EXB
(Fig. 32.9).

There is a definite ratio between the magnitudes of E and B: E = cB.

b2

. The wave travels in vacuum with a definite and unchanging speed.

3
4. Unlike mechanical waves, which need the particles of a medium such as air to
transmit a wave, electromagnetic waves require no medium.

Figure 32.9 A right-hand rule for electro-
magnetic waves relates the directions of
E and B and the direction of propagation.

Right-hand rule for an electromagnetic wave:

£ . - . .

1) Point the thumb of your right hand in the
wave’s direction of propagation.

(2) Imagine rotating the F-field vector 90° in
the sense your fingers curl. That is the
direction of the B field.

Duecuon of pr opaoanon
= direction of E X B.
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Gauss's Laws and the Simple Plane
Wave -- Summary

« Shown is a Gaussian surface, a The electric field is the same on the top and
rectangular bOX, through which bottom 31d§s of the Gaussian surface, .so the
_ : total electric flux through the surface is zero.
the simple plane wave is y :

traveling.

 The box encloses no electric
charge.

* In order to satisfy Maxwell’s first
and second equations, the
electric and magnetic fields
must be perpendicular to the
direction of propagation; that is, The magnetic field is the same on the left and

th t be t right sides of the Gaussian surface, so the total
€ wave must be transverse. magnetic flux through the surface is zero.
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Faraday's Law and the Simple Plane
Wave -- Summary

* The simple plane wave must satisty o e v
Faraday’'s law in a vacuum. :
* In a time dt, the magnetic flux through the i
. . 5 E{x
rectangle in the xy-plane increases ™ B/B’/g; A*
by an amount d®, . 1
. g AR —
 This increase equals the flux through the Pkl 7 “
shaded rectangle with area ac dt; that is, T
d (DB - BaC dt . (b) Side view of situation in (a)
* Thusdo, /dt = Bac. i 42@@
. . ’ . . o e !
This and Faraday’s law imply: Ty‘fr o)1
dif TS5«
Electric-ﬁeld.l.nagnitude '.'Magnetic—ﬁe]d magnitude h _’%t df (,JIL
e i = gf Srectoflon SR
17} X
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Ampere's Law and the Simple Plane
Wave -- Summary

(a) In time dt, the wave front moves

« The simple plane wave must satisfy a distance ¢ df in the +x-direction
Ampere’s law in a vacuum. In a time |
dt, the electric flux through the Vs
rectangle in the xz-plane increases by */gx-ﬁ/,f{é
an amount do..

* This increase equals the flux through

the shaded rectangle with area ac dt;
that Is, do_ = Eacdt.

* Thus d®_ /dt = Eac. This implies: 0 .
L] L] L J —
B 5 E=0
Mugnetic:ﬁeld magnitude Electric-field magnitude el B=0
Electromagnetic wave Ty & g | o | f
in vacuum: B .'jé'o{foc;l_z____.speed of light a I ES
Electric™” Magnetic in vacuum "a‘? (;T O d!‘“i
constant  constant > 2
9{ cdt }e
k Ax \J|
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Properties of Electromagnetic
Waves (1 of2)-- summary

« Maxwell’'s equations imply that in an electromagnetic wave, both
the electric and magnetic fields are perpendicular to the
direction of propagation of the wave, and to each other.

 In an electromagnetic wave, there is a definite ratio between the
magnitudes of the electric and magnetic fields: E = cB.

« Unlike mechanical waves, electromagnetic waves require no
medium. In fact, they travel in vacuum with a definite and
unchanging speed:

. : ; Electric constant
Speed of electromagnetic ---..., ;= 1
AVES 1 ar i .
waves M1 vacunim VEgMg  Magnetic constant
P

* Inserting the numerical values of these constants, we obtain
c =3.00 X 108 m/s.
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Properties of Electromagnetic
Waves 2 of2) -- summary

° Th e d | re Ct| on O.I: pr Op a g at| on Right-.hand rule for z‘m elecfromagne'tic wave:
] @Pomt the thumb of your right hand in the
Of an EIGCtromag netlc wave wave’s direction of propagation.
IS the direction of the vector @{iag;neemgaﬁng t;j e
. sense your fingers curl. That is
product of the electric and direction of the B field.

magnetic fields.

Direction of propagation
= direction of E X B.
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Fields of a Sinusoidal Wave @ o3

« Shown is a linearly polarized sinusoidal electromagnetic wave
traveling in the +x-direction.

The wave i1s traveling in the

« One wavelength of the wave Is 7 et ‘
) positive x-direction, the same
shown at time t = 0. as the direction of E X B.

* The fields are shown for only a
few points along the x-axis.

—

E .

B
lif : y-component only
B: z-component only
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Derivation of the Electromagnetic Wave Equation

During our discussion of mechanical waves in Section 15.3, we showed that a function
y(x, t) that represents the displacement of any point in a mechanical wave traveling along
the x-axis must satisfy a differential equation, Eq. (15.12):

Pyxr) 1 ()

2 2 a2

(32.10)

0x v
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Figure 32.10 Faraday’s law applied to
a rectangle with height @ and width Ax
parallel to the xy-plane.

(a) y
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\ﬂ%.&r,}l
E o
i AEAE
4 B)j
g
0 f
1
z h e_}k E —
)

(b) Side view of the situation in (a)

g é&r%lf
sfat ]
' _\

A
h €

‘?gf? vdi = —Ey(x.t)a + E\(x + Ax, t)a
= a[Ey(x + Ax.t) — Ey(x.1)] (32.11)

To find the magnetic flux @5 through this rectangle, we assume that Ax is small enough
that B_ is nearly uniform over the rectangle. In that case, @3 = B.(x,1)A = B_(x, t)a Ax,
and

dd OB-(x, t
B _ (. )a Ax
dt ot

We use partial-derivative notation because B. is a function of both x and . When we sub-
stitute this expression and Eq. (32.11) into Faraday’s law, Eq. (32.1), we get

dB;

alEy(x + Ax.t) = Ey(x,1)] = — m"a Ax
Ey(x + Ax,t) — Ey(x,1) JB.
Ax ot

Finally, imagine shrinking the rectangle down to a sliver so that Ax approaches zero.
When we take the limit of this equation as Ax — 0, we get

dEy(x, 1) dB,(x. 1)

. (32.12)
dx dt
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Figure 32.11 Ampere’s law applied to
a rectangle with height @ and width Ax
parallel to the xz-plane.

(a) y
M...\_‘_‘_

x
\%AI“H

B# E&JE

0

1
B, "’ B. a
1 @ “ 0

h e

Next we apply Ampere’s law to the rectangle shown in Fig. 32.11. The line integral
5£B * dl becomes

jﬁﬁ dl = —B.(x + Ax.t)a + B.(x.1)a (32.13)

%ﬁ- dl = —B,(x + Ax.t)a + B.(x.1)a (32.13)
Again assuming that the rectangle is narrow, we approximate the electric flux @ through
it as ®p = Ey(x,1)A = E\(x.t)a Ax. The rate of change of @5, which we need for
Ampere’s law, is then

dd, Ey(x.1)

= a Ax
dt at

Now we substitute this expression and Eq. (32.13) into Ampere’s law, Eq. (32.5):

dEy(x. t)
—B.(x + Ax.t)a + B,(x.t)a = EOH.O'TG Ax
ot

Again we divide both sides by a Ax and take the limit as Ax — 0. We find

dEy(x, 1)

B (x.1) copto
—— = eop————
ot

- (32.14)
dx
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Fields of a Sinusoidal Wave ¢ o3

« Shown is a linearly polarized sinusoidal electromagnetic wave
traveling in the —x-direction.

* One wavelength of the wave is shown at time t = 0.

 The fields are shown for
only a few points along the B
X-axis.

The wave is traveling in the
— . . .
B negative x-direction, the same
as the direction of E X B.

E : y-component only
B: z-component only
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Sinusoidal Electromagnetic Waves

¢ EleCtromagnetIC waves prOduced Waves that pass throug halal ge area plOp'i ate
. . . in different directions . 5
by an oscillating point charge are e
an example of sinusoidal waves %} % §
that are not plane waves.
* But if we restrict our observations W it W
. . cleciromagnetic
to a relatively small region of Ny waves « | e

space at a sufficiently great
distance from the source, even %

these vyaves are well ﬁ ? :%

approximated by plane waves.

.. but waves that pass through a small area all
propagate in nearly the same direction, so we
can treat them as plane waves.

@Pearson
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Figure 32.13 Representation of the elec-
tric and magnetic fields as functions of x
for a linearly polarized sinusoidal plane
electromagnetic wave. One wavelength
of the wave is shown at time t = 0. The
fields are shown for only a few points
along the x-axis.

The wave is traveling in the
¥ positive x-direction, the same
as the direction of E X B.

: y-component only
: z-component only

=~Te.f
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Fields of a Sinusoidal Wavesois)

* We can describe electromagnetic waves by means of wave
functions:

Sinusoidal Electrlc field Electrlu field magnitude
electromagnetic %, ¢ s Wave
plane wave, E (x, 1) = ]EmaX cos (kx — wt) number
propagating in - Angular
+x-direction: fi(x, 1) = kBmaXLOS(kX - wt) frequency
Maénetic field Mflgnetlc -field magnitude

» The wave travels to the right with speed C = %
« The amplitudes must be related by:

Sinusoidal Electric-field amplitude  Magnetic-field amplitude
electromagnetic wave P * i
. 5 E = ¢B Speed of light
in vacuum: max Smax o
OB in vacuum

* Video Tutor Solution: Example 32.1

@Pearson
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https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex32-1

EXAMPLE 32.1 Electric and magnetic fields of a laser heam

A carbon dioxide laser emits a sinusoidal electromagnetic wave that
travels in vacuum in the negative x-direction. The wavelength is
10.6 wm (in the infrared; see Fig. 32.4) and the E field is parallel to the
z-axis, with E.,, = 1.5 MV/m. Write vector equations for E and B as

functions of time and position.
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EXECUTE A possible pair of wave functions that describe the wave
shown in Fig. 32.15 are

The plus sign in the arguments of the cosine functions indicates that the
wave is propagating in the negative x-direction, as it should. Faraday’s
law requires that E,, = ¢Bpax [Eq. (32.18)], so

E 1.5 X 10°V/m
Bpax = —— = / =50 %x107°T
c 3.0 X 10® m/s
(Recall that 1 V = 1 Wh/s and 1 Wb/m?> = 1T.)
We have A = 10.6 X 107° m, so the wave number and angular fre-
quency are

_ 27 _ 2 rad

=————— =593 X 10° rad/m
A 106 X 10°m

® = ck = (3.00 X 108 m/s)(5.93 X 10° rad/m)

1.78 X 10" rad/s

Substituting these values into the above wave functions, we get

E(x,t) = k(1.5 X 10° V/m)
X cos[(5.93 X 10° rad/m)x + (1.78 X 10" rad/s)t]
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B(x,t) = j(5.0 X 1073 T)
X cos[(5.93 X 10° rad/m)x + (1.78 X 10" rad/s)t]
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Electromagnetic Waves in Matter

- Electromagnetic waves can travel in certain types of matter,
such as air, water, or glass.

« When electromagnetic waves travel in nonconducting
materials—that is, dielectrics—the speed v of the waves
depends on the dielectric constant of the material.

. Permeability Speed of light in vacuum
Speed of s y ] Yo
electromagnetic -, 1 i 1 1 C
- L2 v = -— =
waves in »
e Vew VKK, Ve VKK
a dielectric A H A am ,:‘O'U’O et n
Permittivity ™ Dielectric” Relative -Electric Magnetic

constant permeability constant constant

* The ratio of the speed c in vacuum to the speed v in a material
IS known In optics as the index of refraction n of the material.

szn:JKK ~ JK
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(a) Visiting a jewelry store one evening, you hold a diamond up to the
light of a sodium-vapor street lamp. The heated sodium vapor emit:
yellow light with a frequency of 5.09 % 10'* Hz. Find the wavelengtt
in vacuum and the wave speed and wavelength in diamond, for whict
K = 5.84 and K, = 1.00 at this frequency. (b) A 90.0 MHz radio wave
(in the FM radio band) passes from vacuum into an insulating ferrite (:
ferromagnetic material used in computer cables to suppress radio interfer
ence). Find the wavelength in vacuum and the wave speed and wavelengt}
in the ferrite, for which K = 10.0 and K, = 1000 at this frequency.
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EXECUTE (a) The wavelength in vacuum of the sodium light is

¢ 3.00 < 10° m/s

7= 500 < 107 H = 5.89 %X 107 m = 589 nm
. z

')lvacuum -

The wave speed and wavelength in diamond are
¢ 3.00x 10°m/s

Udiamond — \/K_Km (5_34}(1_(}0)

Ugiamond ~ 1.24 X 108 m/s B
Agiamond = 509 X 100 HL 2.44 ¥ 107" m = 244 nm

= 1.24 X 10° m/s

(b) Following the same steps as in part (a), we find

¢ 3.00 X 10°m/s
f 900 x 10°Hz
c 3.00 X 10° m/s .
Uferrite = = — 3.00 ¥ 10 m/s
VKK, V(10.0)(1000)
Uferrite 3.00 X ]06 m/s

Aerrite = = =333 % 10 2m = 3.33cm
femte = ¢ 90.0 % 10° Hz

‘\vacuum -

=333m
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Energy in Electromagnetic

Waves 1of2)

 Electromagnetic waves such as those
we have described are traveling waves
that transport energy from one region to
another.

« The British physicist John Poynting
introduced the Poynting vector, s.

« The magnitude of the Poynting vector
IS the power per unit area in the wave,
and it points in the direction of
propagation.

1

Poynting vector ===, -
in vacuum S =

L LTTeR .
Ko *Magnetic constant

* Video Tutor Solution: Example 32.6

@ Pearson

At time dt, the volume between the stationary

plane and the wave front contains an amount

of electromagnetic energy dU = uAc dt.

0

/

A

Stationary

plane

o Electric field

— — . .
— E X B *Magnetic field

Cdrl$

B fE Poynting
v ve;tor

\5
N —
B
\/

X

Wave front at
time dt later
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https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex32-6

Energy in Electromagnetic
Waves of2

* The magnitude of the average value of

S is called the intensity. The SI unit of
Intensity is 1 W/m?.

* These rooftop solar panels are tilted
to be face-on to the sun so that the
panels can absorb the maximum
amount of wave energy.

Intensity of a sinusoidal electromagnetic wave in vacuum

i Electric-field amplitude ... Magnetic-field amplitude . Electric constant
"‘. kS k'“‘ 2) Lo
"I — = Emameax . Emax | &E 5 il E 2
— Pav 5 - o = 2 max — 2€0CCmax
Py o ot Mo
Magmtude of average Magnetic .Speed of light in vacuum
Poynting vector constant
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For electromagnetic waves in vacuum, the magnitudes E and B are related by
E
B=— - VeoroE (32.24)

Combining Eqgs. (32.23) and (32.24), we can also express the energy density u in a simple
electromagnetic wave in vacuum as

1
u=LteE? + ?(\ feopoE)? = €oE? (32.25)
=0

Figure 32.17 A wave front at a time df
after it passes through the stationary plane
with area A.

At time df, the volume between the stationary
plane and the wave front contains an amount
of electromagnetic energy dU = uAc dt.

Poynting
vector

Es ]

L
E —~—__
. X
&
Wave front at
time df later

Stationary
plane
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o Electric field

Poynting vector «= . o o
} § = — FE ¥ B+ -Magnetic field

M+

in vacuum
“"-Magnetic constant

P= ¢S-dA

Copyright © 2020 Pearson Education, Inc. All Rights Reserved
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Electromagnetic Radiation Pressure

+ Electromagnetic waves carry momentum and can therefore
exert radiation pressure on a surface:

S I .
P..q = —- = — (radiationpressure, wave totally absorbed)
C

C
2S,, _ 21 , . .
Prag = = — (radiationpressure, wavetotally absorbed)
C C
 For example, if the solar panels (Stunksensor 1 \i /a
.y - . O K€€ ancis
on an earth-orbiting satellite are facing tho sun) /

perpendicular to the sunlight,
and the radiation is completely
absorbed, the average radiation

pressure is4.7 x 10° N/m°.

\ ,

Solar panels

@Pearson
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EXAMPLE 32.4 Energy in a sinusoidal wave

A radio station on the earth’s surface emits a sinusoidal wave with av-
erage total power 50 kW (Fig. 32.19). Assuming that the transmitter
radiates equally in all directions above the ground (which is unlikely
in real situations), find the electric-field and magnetic-field amplitudes
E .. and B, detected by a satellite 100 km from the antenna.
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