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This person is exposed to very bright
sunlight at the beach. If he is wearing the
wrong kind of sunglasses, he may be
causing more permanent harm to his vi-
sion than he would be if he took the
glasses off and squinted. What deter-
mines whether certain types of sun-
glasses are good for your eyes?

(Ron Chapple/FPG International)

c h a p t e r

Electromagnetic Waves

Chapter Outline

34.1 Maxwell's Equations and Hertz's 34.5 (Optional) Radiation from an
Discoveries Infinite Current Sheet

34.2 Plane Electromagnetic Waves 34.6 (Optional) Production of

34.3 Energy Carried by Electromagnetic Waves by an
Electromagnetic Waves Antenna

34.4 Momentum and Radiation 34.7 The Spectrum of Electromagnetic
Pressure Waves

1075



1076

James Clerk Maxwell scottish
theoretical physicist (1831-1879)
Maxwell developed the electromag-
netic theory of light and the kinetic
theory of gases, and he explained the
nature of color vision and of Saturn’s
rings. His successful interpretation of
the electromagnetic field produced
the field equations that bear his
name. Formidable mathematical abil-
ity combined with great insight en-
abled Maxwell to lead the way in the
study of electromagnetism and kinetic
theory. He died of cancer before he
was 50. (North Wind Picture Archives)
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CHAPTER 34  Electromagnetic Waves

he waves described in Chapters 16, 17, and 18 are mechanical waves. By defi-
nition, the propagation of mechanical disturbances—such as sound waves, wa-
ter waves, and waves on a string—requires the presence of a medium. This
chapter is concerned with the properties of electromagnetic waves, which (unlike
mechanical waves) can propagate through empty space.

In Section 31.7 we gave a brief description of Maxwell’s equations, which form
the theoretical basis of all electromagnetic phenomena. The consequences of
Maxwell’s equations are farreaching and dramatic. The Ampeére—Maxwell law pre-
dicts that a time-varying electric field produces a magnetic field, just as Faraday’s
law tells us that a time-varying magnetic field produces an electric field. Maxwell’s
introduction of the concept of displacement current as a new source of a magnetic
field provided the final important link between electric and magnetic fields in clas-
sical physics.

Astonishingly, Maxwell’s equations also predict the existence of electromag-
netic waves that propagate through space at the speed of light ¢. This chapter be-
gins with a discussion of how Heinrich Hertz confirmed Maxwell’s prediction
when he generated and detected electromagnetic waves in 1887. That discovery
has led to many practical communication systems, including radio, television, and
radar. On a conceptual level, Maxwell unified the subjects of light and electromag-
netism by developing the idea that light is a form of electromagnetic radiation.

Next, we learn how electromagnetic waves are generated by oscillating electric
charges. The waves consist of oscillating electric and magnetic fields that are at right
angles to each other and to the direction of wave propagation. Thus, electromag-
netic waves are transverse waves. Maxwell’s prediction of electromagnetic radiation
shows that the amplitudes of the electric and magnetic fields in an electromagnetic
wave are related by the expression E = ¢B. The waves radiated from the oscillating
charges can be detected at great distances. Furthermore, electromagnetic waves
carry energy and momentum and hence can exert pressure on a surface.

The chapter concludes with a look at the wide range of frequencies covered by
electromagnetic waves. For example, radio waves (frequencies of about 107 Hz)
are electromagnetic waves produced by oscillating currents in a radio tower’s
transmitting antenna. Light waves are a high-frequency form of electromagnetic
radiation (about 10'* Hz) produced by oscillating electrons in atoms.

MAXWELL’S EQUATIONS AND
HERTZ’S DISCOVERIES

In his unified theory of electromagnetism, Maxwell showed that electromagnetic
waves are a natural consequence of the fundamental laws expressed in the follow-
ing four equations (see Section 31.7):
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34.1 Maxwell’s Equations and Hertz’s Discoveries

As we shall see in the next section, Equations 34.3 and 34.4 can be combined to
obtain a wave equation for both the electric field and the magnetic field. In empty
space (Q = 0, 1= 0), the solution to these two equations shows that the speed at
which electromagnetic waves travel equals the measured speed of light. This result
led Maxwell to predict that light waves are a form of electromagnetic radiation.

The experimental apparatus that Hertz used to generate and detect electro-
magnetic waves is shown schematically in Figure 34.1. An induction coil is con-
nected to a transmitter made up of two spherical electrodes separated by a narrow
gap. The coil provides short voltage surges to the electrodes, making one positive
and the other negative. A spark is generated between the spheres when the elec-
tric field near either electrode surpasses the dielectric strength for air (3 X
10% V/m; see Table 26.1). In a strong electric field, the acceleration of free elec-
trons provides them with enough energy to ionize any molecules they strike. This
ionization provides more electrons, which can accelerate and cause further ioniza-
tions. As the air in the gap is ionized, it becomes a much better conductor, and the
discharge between the electrodes exhibits an oscillatory behavior at a very high
frequency. From an electric-circuit viewpoint, this is equivalent to an LC circuit in
which the inductance is that of the coil and the capacitance is due to the spherical
electrodes.

Because L and C are quite small in Hertz’s apparatus, the frequency of oscilla-

tion is very high, =100 MHz. (Recall from Eq. 32.22 that w = 1/VLC for an LC
circuit.) Electromagnetic waves are radiated at this frequency as a result of the os-
cillation (and hence acceleration) of free charges in the transmitter circuit. Hertz
was able to detect these waves by using a single loop of wire with its own spark gap
(the receiver). Such a receiver loop, placed several meters from the transmitter,
has its own effective inductance, capacitance, and natural frequency of oscillation.
In Hertz’s experiment, sparks were induced across the gap of the receiving elec-
trodes when the frequency of the receiver was adjusted to match that of the trans-
mitter. Thus, Hertz demonstrated that the oscillating current induced in the re-
ceiver was produced by electromagnetic waves radiated by the transmitter. His
experiment is analogous to the mechanical phenomenon in which a tuning fork
responds to acoustic vibrations from an identical tuning fork that is oscillating.

Input
Induction
coil
C/\- PR
e ransmitter . . .
q g Figure 34.1 Schematic diagram of Hertz’s apparatus

for generating and detecting electromagnetic waves. The
transmitter consists of two spherical electrodes connected
to an induction coil, which provides short voltage surges
to the spheres, setting up oscillations in the discharge be-
tween the electrodes (suggested by the red dots). The re-
ceiver is a nearby loop of wire containing a second spark

gap.

Receiver
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Heinrich Rudolf Hertz Ger-
man physicist (1857-1894) Hertz
made his most important discovery—
radio waves—in 1887. After finding
that the speed of a radio wave was
the same as that of light, he showed
that radio waves, like light waves,
could be reflected, refracted, and dif-
fracted. Hertz died of blood poisoning
at age 36. He made many contribu-
tions to science during his short life.
The hertz, equal to one complete vi-
bration or cycle per second, is named
after him. (The Bettmann Archive)
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QuickLab >~

Some electric motors use commuta-
tors that make and break electrical
contact, creating sparks reminiscent
of Hertz’s method for generating
electromagnetic waves. Try running
an electric shaver or kitchen mixer
near an AM radio. What happens to
the reception?

B

z X
B

Figure 34.2 An electromagnetic
wave traveling at velocity ¢ in the
positive x direction. The electric
field is along the y direction, and
the magnetic field is along the z di-
rection. These fields depend only
on x and ¢.

CHAPTER 34  Electromagnetic Waves

A large oscillator (bottom) and circular, octagonal, and square receivers used by Heinrich Hertz.

Additionally, Hertz showed in a series of experiments that the radiation gener-
ated by his spark-gap device exhibited the wave properties of interference, diffrac-
tion, reflection, refraction, and polarization, all of which are properties exhibited
by light. Thus, it became evident that the radio-frequency waves Hertz was generat-
ing had properties similar to those of light waves and differed only in frequency
and wavelength. Perhaps his most convincing experiment was the measurement of
the speed of this radiation. Radio-frequency waves of known frequency were re-
flected from a metal sheet and created a standing-wave interference pattern whose
nodal points could be detected. The measured distance between the nodal points
enabled determination of the wavelength A. Using the relationship v = Af (Eq.
16.14), Hertz found that v was close to 3 X 10% m/s, the known speed ¢ of visible
light.

34.2 _~ PLANE ELECTROMAGNETIC WAVES

The properties of electromagnetic waves can be deduced from Maxwell’s equa-
tions. One approach to deriving these properties is to solve the second-order dif-
ferential equation obtained from Maxwell’s third and fourth equations. A rigorous
mathematical treatment of that sort is beyond the scope of this text. To circumvent
this problem, we assume that the vectors for the electric field and magnetic field
in an electromagnetic wave have a specific space—time behavior that is simple but
consistent with Maxwell’s equations.

To understand the prediction of electromagnetic waves more fully, let us focus
our attention on an electromagnetic wave that travels in the x direction (the direc-
tion of propagation). In this wave, the electric field E is in the y direction, and the
magnetic field B is in the z direction, as shown in Figure 34.2. Waves such as this
one, in which the electric and magnetic fields are restricted to being parallel to a
pair of perpendicular axes, are said to be linearly polarized waves.! Further-
more, we assume that at any point P, the magnitudes £ and B of the fields depend

! Waves having other particular patterns of vibration of the electric and magnetic fields include circu-
larly polarized waves. The most general polarization pattern is elliptical.



34.2 Plane Electromagnetic Waves

upon x and ¢ only, and not upon the y or z coordinate. A collection of such waves
from individual sources is called a plane wave. A surface connecting points of
equal phase on all waves, which we call a wave front, would be a geometric plane.
In comparison, a point source of radiation sends waves out in all directions. A sur-
face connecting points of equal phase is a sphere for this situation, so we call this a
spherical wave.

We can relate E and B to each other with Equations 34.3 and 34.4. In empty
space, where Q = 0 and / = 0, Equation 34.3 remains unchanged and Equation
34.4 becomes
ddy

dt

%B’ ds = Mo€o (34.5)
Using Equations 34.3 and 34.5 and the plane-wave assumption, we obtain the fol-
lowing differential equations relating E and B. (We shall derive these equations
formally later in this section.) For simplicity, we drop the subscripts on the compo-
nents Eyand B;:

OE B

e (34.6)
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Note that the derivatives here are partial derivatives. For example, when we evalu-
ate 0E/dx, we assume that ¢ is constant. Likewise, when we evaluate dB/0dt, x is
held constant. Taking the derivative of Equation 34.6 with respect to x and com-
bining the result with Equation 34.7, we obtain

02E 9 <8B> 9 <aB> P ( aE)
=)=\ —/|=——| = €n—
ax2 ax \ a1 a1 \ ox YR
9%E 9%E
g s 34.8
a2 HofeT5e (34.8)

In the same manner, taking the derivative of Equation 34.7 with respect to x and
combining it with Equation 34.6, we obtain

9*B 9*B
— = — 34.9
ax | MOS0 (34.9)
Equations 34.8 and 34.9 both have the form of the general wave equation? with
the wave speed v replaced by ¢, where

1
N o€

Taking wo = 47 X 1077 T-m/A and ¢, = 8.854 19 X 1072 C2/N-m? in Equation
34.10, we find that ¢ = 2.997 92 X 108 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 electromagnetic wave.

(34.10)

c =

2 The general wave equation is of the form (9%y/dx?) = (1/v%)(9%)/3t?), where v is the speed of the
wave and y is the wave function. The general wave equation was introduced as Equation 16.26, and it
would be useful for you to review Section 16.9.
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Speed of electromagnetic waves
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Sinusoidal electric and magnetic
fields

CHAPTER 34  Electromagnetic Waves

y y y
E
z z z
B
y y y
z z z
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(a) (b)

Figure 34.3 Representation of a sinusoidal, linearly polarized plane electromagnetic wave mov-
ing in the positive x direction with velocity c. (a) The wave at some instant. Note the sinusoidal
variations of £ and B with x. (b) A time sequence illustrating the electric and magnetic field vec-
tors present in the yz plane, as seen by an observer looking in the negative x direction. Note the
sinusoidal variations of E and B with ¢.

The simplest solution to Equations 34.8 and 34.9 is a sinusoidal wave, for
which the field magnitudes E and B vary with x and ¢ according to the expressions

E = E,_ . cos(kx — wt) (34.11)
B = B . cos(kx — wt) (34.12)

where E,,, and By, are the maximum values of the fields. The angular wave num-
ber is the constant k = 277/A, where A is the wavelength. The angular frequency is

o = 27f, where f is the wave frequency. The ratio
w/ k equals the speed ¢:

We have used Equation 16.14, v = ¢ = Af, which relates the speed, frequency, and
wavelength of any continuous wave. Figure 34.3a is a pictorial representation, at
one instant, of a sinusoidal, linearly polarized plane wave moving in the positive x
direction. Figure 34.3b shows how the electric and magnetic field vectors at a fixed
location vary with time.

What is the phase difference between Band E in Figure 34.3?

Taking partial derivatives of Equations 34.11 (with respect to x) and 34.12



34.2 Plane Electromagnetic Waves

(with respect to ¢), we find that

oE )

ox = —kE sin(kx — wt)
dB )

o = wBsin(kx — wt)

Substituting these results into Equation 34.6, we find that at any instant

kEmax = meax
Emax _ ﬂ =
Bmax k

Using these results together with Equations 34.11 and 34.12, we see that

Fuue _ B _
Bmax B

(34.13)
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.

Finally, note that electromagnetic waves obey the superposition principle
(which we discussed in Section 16.4 with respect to mechanical waves) because the
differential equations involving E and B are linear equations. For example, we can
add two waves with the same frequency simply by adding the magnitudes of the
two electric fields algebraically.

e The solutions of Maxwell’s third and fourth equations are wave-like, with
both Eand Bsatisfying a wave equation.

¢ Electromagnetic waves travel through empty space at the speed of light
c = 1/ VUL o€Q -

¢ The components of the electric and magnetic fields of plane electromagnetic
waves are perpendicular to each other and perpendicular to the direction of
wave propagation. We can summarize the latter property by saying that elec-
tromagnetic waves are transverse waves.

¢ The magnitudes of E and B in empty space are related by the expression
E/B = c.

¢ Electromagnetic waves obey the principle of superposition.

EXAMPLE 34.1 An Electromagnetic Wave

Properties of electromagnetic
waves

1081

A sinusoidal electromagnetic wave of frequency 40.0 MHz
travels in free space in the x direction, as shown in Figure
34.4. (a) Determine the wavelength and period of the wave.

Solution Using Equation 16.14 for light waves, ¢ = Af,
and given that f= 40.0 MHz = 4.00 X 107 s~!, we have

3.00 X 108 5
_ 300X 10Tm/s

4
A= —
[ 4.00 X 107s7!

The period T of the wave is the inverse of the frequency:

1 1
T=—=

7T a0 X 10Ts T o 290X 107

(b) At some point and at some instant, the electric field
has its maximum value of 750 N/C and is along the y axis.
Calculate the magnitude and direction of the magnetic field
at this position and time.

Solution From Equation 34.13 we see that

5 _ Eme _ TBON/G

max c 300 X 105m/s

2.50 X 1076 T

Because E and B must be perpendicular to each other and
perpendicular to the direction of wave propagation (x in this
case), we conclude that B is in the z direction.
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Figure 34.4 Atsome instant, a plane electromagnetic wave mov- _
ing in the x direction has a maximum electric field of 750 N/C in the A 750 m
positive y direction. The corresponding magnetic field at that point

has a magnitude E/c¢and is in the z direction.

CHAPTER 34  Electromagnetic Waves

(c) Write expressions for the space-time variation of the
components of the electric and magnetic fields for this wave.

E = 750§ N/C
\

Solution We can apply Equations 34.11 and 34.12 directly:
E = E,, cos(kx — wt) = (750 N/C) cos(kx — wt)
B = B cos(kx — wt) = (2.50 X 107 T) cos(kx — wt)
where
o =27 = 2mw(4.00 X 107 s71) = 2,51 X 108 rad/s

_27 _ 27

k = (0.838 rad/m

=

—_

r\dX\T
E

1

/ 
2T~ x

B

E+dE

/47'\‘%*»

Figure 34.5 Asa plane wave
passes through a rectangular path
of width dx lying in the xy plane,
the electric field in the y direction
varies from E to E + dE. This spa-
tial variation in E gives rise to a
time-varying magnetic field along
the z direction, according to Equa-
tion 34.6.

Let us summarize the properties of electromagnetic waves as we have de-
scribed them:

Optional Section

Derivation of Equations 34.6 and 34.7

To derive Equation 34.6, we start with Faraday’s law, Equation 34.3:

dd
ﬁE-ds =-—2=
di

Let us again assume that the electromagnetic wave is traveling in the x direction,
with the electric field E in the positive y direction and the magnetic field B in the
positive z direction.

Consider a rectangle of width dx and height € lying in the xy plane, as shown
in Figure 34.5. To apply Equation 34.3, we must first evaluate the line integral of
E: ds around this rectangle. The contributions from the top and bottom of the
rectangle are zero because E is perpendicular to ds for these paths. We can ex-
press the electric field on the right side of the rectangle as

dE oF
E(x + dx, t) = E(x, t) + — dx = E(x, t) + — dx
dx t constant dx

while the field on the left side is simply E(x, t).> Therefore, the line integral over
this rectangle is approximately

fﬁE'ds =E(x+dx,t) € — E(x,t)-€ = (0E/dx) dx- £ (34.14)

Because the magnetic field is in the z direction, the magnetic flux through the rec-
tangle of area € dx is approximately ®z = B dx. (This assumes that dx is very
small compared with the wavelength of the wave.) Taking the time derivative of

3 Because dE/dx in this equation is expressed as the change in E with x at a given instant ¢, dE/dx is
equivalent to the partial derivative dE/dx. Likewise, dB/dt means the change in B with time at a particu-
lar position x, so in Equation 34.15 we can replace dB/dtwith dB/dt.



34.3 Energy Carried by Electromagnetic Waves

the magnetic flux gives

dd dB B
—£ = { dx _:| ={dx—
x constant

(34.15)
di dt at

Substituting Equations 34.14 and 34.15 into Equation 34.3, we obtain
oK 0B

< ) dx-€ = — € dx——
ox at

O _ B
dx Jat

This expression is Equation 34.6.

In a similar manner, we can verify Equation 34.7 by starting with Maxwell’s
fourth equation in empty space (Eq. 34.5). In this case, we evaluate the line inte-
gral of B+ ds around a rectangle lying in the xz plane and having width dx and
length ¢, as shown in Figure 34.6. Noting that the magnitude of the magnetic field
changes from B(x, t) to B(x + dx, t) over the width dx, we find the line integral
over this rectangle to be approximately

%B-ds = B(x,t) € — B(x+ dx,t)- € = —(IB/9x) dx- £ (34.16)

The electric flux through the rectangle is @y = E{ dx, which, when differentiated
with respect to time, gives
0P oL

T = e

4.17
at at 3 )

Substituting Equations 34.16 and 34.17 into Equation 34.5 gives
—(0B/9x) dx-€ = poegl dx(dE/It)

0B oL

9B _ _ _9E
dx Koo,

which is Equation 34.7.

34.3_~ ENERGY CARRIED BY ELECTROMAGNETIC WAVES

Electromagnetic waves carry energy, and as they propagate through space they can
transfer energy to objects placed in their path. The rate of flow of energy in an
electromagnetic wave is described by a vector S, called the Poynting vector,
which is defined by the expression

(34.18)

The magnitude of the Poynting vector represents the rate at which energy flows
through a unit surface area perpendicular to the direction of wave propagation.
Thus, the magnitude of the Poynting vector represents power per unit area. The di-
rection of the vector is along the direction of wave propagation (Fig. 34.7). The SI
units of the Poynting vector are J/s-m? = W/m?.
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z B/ \x
/(d ()\
X — W
B+dB

Figure 34.6 As a plane wave
passes through a rectangular path
of width dx lying in the xz plane,
the magnetic field in the z direc-
tion varies from B to B + dB. This
spatial variation in B gives rise to a
time-varying electric field along the
y direction, according to Equation
34.7.

Poynting vector

Magnitude of the Poynting vector
for a plane wave
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Wave intensity

S
2/(§\

C

X

Figure 34.7 The Poynting vector
S for a plane electromagnetic wave
is along the direction of wave prop-
agation.

Total instantaneous energy density

Average energy density of an
electromagnetic wave

CHAPTER 34  Electromagnetic Waves

As an example, let us evaluate the magnitude of S for a plane electromagnetic
wave where | E X B| = EB. In this case,

§=— (34.19)
Mo

Because B = I/ ¢, we can also express this as

E? I
S = =—23B
Moc Mo

These equations for § apply at any instant of time and represent the instantaneous
rate at which energy is passing through a unit area.

What is of greater interest for a sinusoidal plane electromagnetic wave is the
time average of S over one or more cycles, which is called the wave intensity I. (We
discussed the intensity of sound waves in Chapter 17.) When this average is taken,
we obtain an expression involving the time average of cos?(kx — wt), which equals
%. Hence, the average value of § (in other words, the intensity of the wave) is

Eax B E2
I = Sav — max “max __ max __ 4 B?nax (3420)
2o 2poc 2po

Recall that the energy per unit volume, which is the instantaneous energy den-
sity up associated with an electric field, is given by Equation 26.13,

Up = % €0E2

and that the instantaneous energy density up associated with a magnetic field is
given by Equation 32.14:

B?

2

Up

Because E and B vary with time for an electromagnetic wave, the energy densities
also vary with time. When we use the relationships B= E/c¢ and ¢ = 1/Vu€g,
Equation 32.14 becomes

_ (E/c)? _ oo

2 -1 2
up E- = 9 GoE
20 20
Comparing this result with the expression for uy, we see that
B2
ug = ME:%E()EQZ
20

That is, for an electromagnetic wave, the instantaneous energy density asso-
ciated with the magnetic field equals the instantaneous energy density asso-
ciated with the electric field. Hence, in a given volume the energy is equally
shared by the two fields.

The total instantaneous energy density u is equal to the sum of the energy
densities associated with the electric and magnetic fields:

BQ
Mo

w=uy+ ug= k> =

When this total instantaneous energy density is averaged over one or more cycles
of an electromagnetic wave, we again obtain a factor of % Hence, for any electro-
magnetic wave, the total average energy per unit volume is
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2
Bmax

(34.21)
210

_ 2 _1 _
Uay = €()(E )av — 9 EOlZ?max -

EXAMPLE 34.2 Fields on the Page

the visible light coming from your desk lamp. Treat the bulb

1085

Estimate the maximum magnitudes of the electric and mag- P
. . P . . Mol ay
netic fields of the light that is incident on this page because of Eoaxx = 7277 5
r

tion 34.20, we have

E?

av max

P

C 4m? 2uoc

We must now make some assumptions about numbers to en-

light. (The remaining energy transfers out of the bulb by

from the bulb to the page might be 0.30 m. Thus, we have

conduction and invisible radiation.) A reasonable distance Answer 9.0 X 1079 J/m?

as a point source of electromagnetic radiation that is about \/ (47 X 1077 T-m/A) (8.00 X 10° m/s) (3.0 W)
5% efficient at converting electrical energy to visible light. 27(0.30 m)?
Solution Recall from Equation 17.8 that the wave intensity = 45V/m
I a distance r from a point source is [ = P,,/4mr?, where P,,
is the average power output of the source and 42 is the ~ From Equation 34.13,
area of a sphere of radius r centered on the source. Because E 45V/m
. . . . . _ B ) — max — — 1.5 >< 10—7T
the intensity of an electromagnetic wave is also given by Equa: max . 3.00 X 10°m/s

This value is two orders of magnitude smaller than the
I= =— Earth’s magnetic field, which, unlike the magnetic field in
the light wave from your desk lamp, is not oscillating.

ter in this equation. If we have a 60-W lightbulb, its output at ~ €Xercise Estimate the energy density of the light wave just
5% efficiency is approximately 3.0 W in the form of visible — before it strikes this page.

Comparing this result with Equation 34.20 for the average value of S, we see that
I= S, = cuy (34.22)

In other words, the intensity of an electromagnetic wave equals the average
energy density multiplied by the speed of light.

34.4_~ MOMENTUM AND RADIATION PRESSURE

Electromagnetic waves transport linear momentum as well as energy. It follows
that, as this momentum is absorbed by some surface, pressure is exerted on the
surface. We shall assume in this discussion that the electromagnetic wave strikes
the surface at normal incidence and transports a total energy U to the surface in a
time ¢. Maxwell showed that, if the surface absorbs all the incident energy U in this
time (as does a black body, introduced in Chapter 20), the total momentum p
transported to the surface has a magnitude

U
p=— (complete absorption) (34.23)
¢

The pressure exerted on the surface is defined as force per unit area F/A. Let us
combine this with Newton’s second law:

Momentum transported to a
perfectly absorbing surface
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Radiation pressure exerted on a
perfectly absorbing surface

QuickLab —~

Using Example 34.2 as a starting
point, estimate the total force exerted
on this page by the light from your
desk lamp. Does it make a difference
if the page contains large, dark pho-
tographs instead of mostly white
space?

Radiation pressure exerted on a
perfectly reflecting surface

web|

Visit http://pds.jpl.nasa.gov for more
information about missions to the planets.
You may also want to read Arthur C.
Clarke’s 1963 science fiction story The
Wind from the Sun about a solar yacht
race.

Mirror

Black
disk

Figure 34.8 An apparatus for
measuring the pressure exerted by
light. In practice, the system is con-
tained in a high vacuum.

CHAPTER 34  Electromagnetic Waves
a 1 4
P = —_— = ——p
A A dt

If we now replace p, the momentum transported to the surface by light, from
Equation 34.23, we have

_iﬁ:Li<U>:i (dU/dr)

A dt A di\e) ¢ A

We recognize (dU/dt)/A as the rate at which energy is arriving at the surface per
unit area, which is the magnitude of the Poynting vector. Thus, the radiation pres-
sure Pexerted on the perfectly absorbing surface is

pP=— (34.24)

Note that Equation 34.24 is an expression for uppercase P, the pressure, while
Equation 34.23 is an expression for lowercase p, linear momentum.

If the surface is a perfect reflector (such as a mirror) and incidence is normal,
then the momentum transported to the surface in a time ¢ is twice that given by
Equation 34.23. That is, the momentum transferred to the surface by the incom-
ing light is p = U/c, and that transferred by the reflected light also is p = Ulc.
Therefore,

2U .
p=— (complete reflection)
¢

(34.25)

The momentum delivered to a surface having a reflectivity somewhere between
these two extremes has a value between U/c and 2U/¢, depending on the proper-
ties of the surface. Finally, the radiation pressure exerted on a perfectly reflecting

surface for normal incidence of the wave is*
28
P=— (34.26)
¢

Although radiation pressures are very small (about 5 X 107® N/m? for direct
sunlight), they have been measured with torsion balances such as the one shown
in Figure 34.8. A mirror (a perfect reflector) and a black disk (a perfect absorber)
are connected by a horizontal rod suspended from a fine fiber. Normal-incidence
light striking the black disk is completely absorbed, so all of the momentum of the

Figure 34.9 Mariner 10 used its solar
panels to “sail on sunlight.”

4 For oblique incidence on a perfectly reflecting surface, the momentum transferred is (2U cos 6) /¢
and the pressure is P = (2§ cos? 0) /¢, where 0 is the angle between the normal to the surface and the
direction of wave propagation.
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light is transferred to the disk. Normal-incidence light striking the mirror is totally
reflected, and hence the momentum transferred to the mirror is twice as great as
that transferred to the disk. The radiation pressure is determined by measuring
the angle through which the horizontal connecting rod rotates. The apparatus

CONCEPTUAL EXAMPLE 34.3

A great amount of dust exists in interplanetary space. Al-
though in theory these dust particles can vary in size from
molecular size to much larger, very little of the dust in our so-
lar system is smaller than about 0.2 wm. Why?

Solution The dust particles are subject to two significant
forces—the gravitational force that draws them toward the
Sun and the radiation-pressure force that pushes them away
from the Sun. The gravitational force is proportional to the

Sweeping the Solar System

cube of the radius of a spherical dust particle because it is
proportional to the mass and therefore to the volume 4713/3
of the particle. The radiation pressure is proportional to the
square of the radius because it depends on the planar cross-
section of the particle. For large particles, the gravitational
force is greater than the force from radiation pressure. For
particles having radii less than about 0.2 wm, the radiation-
pressure force is greater than the gravitational force, and as a
result these particles are swept out of the Solar System.

EXAMPLE 34.4 Pressure from a Laser Pointer

Many people giving presentations use a laser pointer to direct
the attention of the audience. If a 3.0-mW pointer creates a
spot that is 2.0 mm in diameter, determine the radiation pres-
sure on a screen that reflects 70% of the light that strikes it.
The power 3.0 mW is a time-averaged value.

Solution Wwe certainly do not expect the pressure to be
very large. Before we can calculate it, we must determine the
Poynting vector of the beam by dividing the time-averaged
power delivered via the electromagnetic wave by the cross-
sectional area of the beam:

5—2— P 3.0X107°W

A wr? <2.0 X 1073m>2
ol
2
This is about the same as the intensity of sunlight at the
Earth’s surface. (Thus, it is not safe to shine the beam of a
laser pointer into a person’s eyes; that may be more danger-
ous than looking directly at the Sun.)

Now we can determine the radiation pressure from the
laser beam. Equation 34.26 indicates that a completely re-

= 955 W/m?

flected beam would apply a pressure of P = 2S/c. We can
model the actual reflection as follows: Imagine that the sur-
face absorbs the beam, resulting in pressure P = §/c. Then
the surface emits the beam, resulting in additional pressure
P = §/c If the surface emits only a fraction fof the beam (so
that fis the amount of the incident beam reflected), then the
pressure due to the emitted beam is P = fS/c. Thus, the total
pressure on the surface due to absorption and re-emission
(reflection) is

p=Si 5 aepd
4 fC f 4

Notice that if f= 1, which represents complete reflection,
this equation reduces to Equation 34.26. For a beam that is
70% reflected, the pressure is

955 W/m?

P=(1+070) ——F— =
( )3.0><108rn/s

5.4 X 10"°N/m?
This is an extremely small value, as expected. (Recall from

Section 15.2 that atmospheric pressure is approximately
105 N/m?2.)

EXAMPLE 34.5  Solar Energy

As noted in the preceding example, the Sun delivers about
1 000 W/m? of energy to the Earth’s surface via electromag-
netic radiation. (a) Calculate the total power that is incident
on a roof of dimensions 8.00 m X 20.0 m.

Solution The magnitude of the Poynting vector for solar
radiation at the surface of the Earth is S = 1 000 W/m?; this

represents the power per unit area, or the light intensity. As-
suming that the radiation is incident normal to the roof, we
obtain

P

SA = (1000 W/m?)(8.00 X 20.0 m?)

1.60 X 10°W
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If all of this power could be converted to electrical energy, it
would provide more than enough power for the average
home. However, solar energy is not easily harnessed, and the
prospects for large-scale conversion are not as bright as may
appear from this calculation. For example, the efficiency of
conversion from solar to electrical energy is typically 10% for
photovoltaic cells. Roof systems for converting solar energy to
internal energy are approximately 50% efficient; however, so-
lar energy is associated with other practical problems, such as
overcast days, geographic location, and methods of energy

€Electromagnetic Waves

Solution Using Equation 34.24 with S = 1000 W/m?, we
find that the radiation pressure is
S 1 000 W/m? .
-8 LW g gg 1076 N/m?
c 3.00 X 10°m/s
Because pressure equals force per unit area, this corresponds
to a radiation force of

F=PA= (333 X110 5N/m?)(160 m®>) = 5.33 X 107*N

storage.

(b) Determine the radiation pressure and the radiation

Exercise How much solar energy is incident on the roof in
1h?

force exerted on the roof, assuming that the roof covering is

a perfect absorber.

Answer 5.76 X 10%].

,
|

Il

Figure 34.10 A portion of an in-
finite current sheet lying in the yz
plane. The current density is sinu-
soidal and is given by the expres-
sion Ji = Jiax cos wi. The magnetic
field is everywhere parallel to the
sheet and lies along z.

Radiated magnetic field

must be placed in a high vacuum to eliminate the effects of air currents.

NASA is exploring the possibility of solar sailing as a low-cost means of sending
spacecraft to the planets. Large reflective sheets would be used in much the way
canvas sheets are used on earthbound sailboats. In 1973 NASA engineers took ad-
vantage of the momentum of the sunlight striking the solar panels of Mariner 10
(Fig. 34.9) to make small course corrections when the spacecraft’s fuel supply was
running low. (This procedure was carried out when the spacecraft was in the vicin-
ity of the planet Mercury. Would it have worked as well near Pluto?)

Optional Section

34.5 _~ RADIATION FROM AN INFINITE CURRENT SHEET

In this section, we describe the electric and magnetic fields radiated by a flat con-
ductor carrying a time-varying current. In the symmetric plane geometry em-
ployed here, the mathematics is less complex than that required in lower-symme-
try situations.

Consider an infinite conducting sheet lying in the yz plane and carrying a sur-
face current in the y direction, as shown in Figure 34.10. The current is distributed
across the z direction such that the current per unit length is J;. Let us assume
that J; varies sinusoidally with time as

]5 = ]max Ccos wt

where ],y is the amplitude of the current variation and w is the angular frequency
of the variation. A similar problem concerning the case of a steady current was
treated in Example 30.6, in which we found that the magnetic field outside the
sheet is everywhere parallel to the sheet and lies along the z axis. The magnetic
field was found to have a magnitude

J

Bz= /*‘LO?S

5Note that the solution could also be written in the form cos(wt — kx), which is equivalent to
cos(kx — wt). That is, cos 6 is an even function, which means that cos(— ) = cos 6.
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T

Figure 34.11 Representation of the plane electromagnetic wave radiated by an infinite current
sheet lying in the yz plane. The vector B is in the z direction, the vector E is in the y direction,
and the direction of wave motion is along x. Both vector B and vector E behave according to the
expression cos(kx — wt). Compare this drawing with Figure 34.3a.

\

Z

In the present situation, where J; varies with time, this equation for B, is valid only
for distances close to the sheet. Substituting the expression for J;, we have

B, = % Jimax COS wi (for small values of x)

To obtain the expression valid for B, for arbitrary values of x, we can investigate
the solution:®

Bz — /*L()]max

cos(kx — wt) (34.27)
You should note two things about this solution, which is unique to the geometry
under consideration. First, when x is very small, it agrees with our original solu-
tion. Second, it satisfies the wave equation as expressed in Equation 34.9. We con-
clude that the magnetic field lies along the z axis, varies with time, and is charac-
terized by a transverse traveling wave having an angular frequency w and an
angular wave number k = 27/A.
We can obtain the electric field radiating from our infinite current sheet by us-
ing Equation 34.13:
Ey =B, = %cos(lm — wi) (34.28)
That is, the electric field is in the y direction, perpendicular to B, and has the same
space and time dependencies. These expressions for B, and E, show that the radia-
tion field of an infinite current sheet carrying a sinusoidal current is a plane electro-
magnetic wave propagating with a speed ¢ along the x axis, as shown in Figure 34.11.
We can calculate the Poynting vector for this wave from Equations 34.19,

EXAMPLE 34.6  Anlnfinite Sheet Carrying a Sinusoidal Current

Radiated electric field

1089

An infinite current sheet lying in the yz plane carries a sinus- Solution From Equations 34.27 and 34.28, we see that the

oidal current that has a maximum density of 5.00 A/m.  maximum values of B, and E, are
(a) Find the maximum values of the radiated magnetic and

. _ /-L()]max
electric fields. Bax = 9

and

E

max

_ /-L()]maxC

2
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Using the values ug = 47 X 10’7T~m/A,]maX =5.00 A/m,
and ¢ = 3.00 X 108 m/s, we get

(47 X 1077 T-m/A) (5.00 A/m)
2

Bmax =

3.14 X 1076 T

_ (4m X 1077 T-m/A)(5.00 A/m)(3.00 X 10% m/s)

max
2

E

942 V/m

(b) What is the average power incident on a flat surface
that is parallel to the sheet and has an area of 3.00 m?? (The
length and width of this surface are both much greater than
the wavelength of the radiation.)

€Electromagnetic Waves

Solution The intensity, or power per unit area, radiated in
each direction by the current sheet is given by Equation 34.30:

M()jalaxc
8
(47 X 1077 T-m/A) (5.00 A /m)2(3.00 X 108 m/s)
8

I=

= 1.18 X 10> W/m?
Multiplying this by the area of the surface, we obtain the inci-
dent power:

P =JA = (1.18 X 103W/m?) (3.00 m?)

3.54 X 10°W

The result is independent of the distance from the current
sheet because we are dealing with a plane wave.

34.27, and 34.28:

EB 2
s= LB _ BoSma® o (34.29)
Mo 4
The intensity of the wave, which equals the average value of S, is
2
=8, = % (34.30)

Accelerating charges produce
clectromagnetic radiation

2Sav = MOJIQnaXC/4'

Optional Section

34.6_-

This intensity represents the power per unit area of the outgoing wave on each
side of the sheet. The total rate of energy emitted per unit area of the conductor is

PRODUCTION OF ELECTROMAGNETIC

WAVES BY AN ANTENNA

Neither stationary charges nor steady currents can produce electromagnetic waves.
Whenever the current through a wire changes with time, however, the wire emits

[ @ T+
e

(b) t=

(a) t=0

S
Rait

++ ]

i
+
i

E

() t=1

Figure 34.12 The electric field set up by charges oscillating in an antenna. The field moves
away from the antenna with the speed of light.
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+.E +1E

Figure 34.13 A pair of metal rods connected to a battery. (a) When the switch is open and no
current exists, the electric and magnetic fields are both zero. (b) Immediately after the switch is
closed, the rods are being charged (so a current exists). Because the current is changing, the
rods generate changing electric and magnetic fields. (c) When the rods are fully charged, the
current is zero, the electric field is a maximum, and the magnetic field is zero.

electromagnetic radiation. The fundamental mechanism responsible for this
radiation is the acceleration of a charged particle. Whenever a charged par-
ticle accelerates, it must radiate energy.

An alternating voltage applied to the wires of an antenna forces an electric
charge in the antenna to oscillate. This is a common technique for accelerating
charges and is the source of the radio waves emitted by the transmitting antenna
of a radio station. Figure 34.12 shows how this is done. Two metal rods are con-
nected to a generator that provides a sinusoidally oscillating voltage. This causes
charges to oscillate in the two rods. At ¢ = 0, the upper rod is given a maximum
positive charge and the bottom rod an equal negative charge, as shown in Figure
34.12a. The electric field near the antenna at this instant is also shown in Figure
34.12a. As the positive and negative charges decrease from their maximum values,
the rods become less charged, the field near the rods decreases in strength, and
the downward-directed maximum electric field produced at ¢ = 0 moves away
from the rod. (A magnetic field oscillating in a direction perpendicular to the
plane of the diagram in Fig. 34.12 accompanies the oscillating electric field, but it
is not shown for the sake of clarity.) When the charges on the rods are momentar-
ily zero (Fig. 34.12b), the electric field at the rod has dropped to zero. This occurs
at a time equal to one quarter of the period of oscillation.

As the generator charges the rods in the opposite sense from that at the begin-
ning, the upper rod soon obtains a maximum negative charge and the lower rod a
maximum positive charge (Fig. 34.12c); this results in an electric field near the
rod that is directed upward after a time equal to one-half the period of oscillation.
The oscillations continue as indicated in Figure 34.12d. The electric field near the
antenna oscillates in phase with the charge distribution. That is, the field points
down when the upper rod is positive and up when the upper rod is negative. Fur-
thermore, the magnitude of the field at any instant depends on the amount of
charge on the rods at that instant.

As the charges continue to oscillate (and accelerate) between the rods, the

5 We have neglected the fields caused by the wires leading to the rods. This is a good approximation if
the circuit dimensions are much less than the length of the rods.
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Figure 34.14 A half-wave an-
tenna consists of two metal rods
connected to an alternating voltage
source. This diagram shows E and
B at an instant when the current is
upward. Note that the electric field
lines resemble those of a dipole
(shown in Fig. 23.21).

CHAPTER 34  Electromagnetic Waves

electric field they set up moves away from the antenna at the speed of light. As you
can see from Figure 34.12, one cycle of charge oscillation produces one wave-
length in the electric-field pattern.

Next, consider what happens when two conducting rods are connected to the
terminals of a battery (Fig. 34.13). Before the switch is closed, the current is zero,
so no fields are present (Fig. 34.13a). Just after the switch is closed, positive charge
begins to build up on one rod and negative charge on the other (Fig. 34.13b), a
situation that corresponds to a time-varying current. The changing charge distrib-
ution causes the electric field to change; this in turn produces a magnetic field
around the rods.® Finally, when the rods are fully charged, the current is zero;
hence, no magnetic field exists at that instant (Fig. 34.13c).

Now let us consider the production of electromagnetic waves by a half-wave an-
tenna. In this arrangement, two conducting rods are connected to a source of alter-
nating voltage (such as an LC oscillator), as shown in Figure 34.14. The length of
each rod is equal to one quarter of the wavelength of the radiation that will be
emitted when the oscillator operates at frequency f The oscillator forces charges
to accelerate back and forth between the two rods. Figure 34.14 shows the configu-
ration of the electric and magnetic fields at some instant when the current is up-
ward. The electric field lines resemble those of an electric dipole. (As a result, this
type of antenna is sometimes called a dipole antenna.) Because these charges are
continuously oscillating between the two rods, the antenna can be approximated
by an oscillating electric dipole. The magnetic field lines form concentric circles
around the antenna and are perpendicular to the electric field lines at all points.
The magnetic field is zero at all points along the axis of the antenna. Furthermore,
E and B are 90° out of phase in time because the current is zero when the charges
at the outer ends of the rods are at a maximum.

At the two points where the magnetic field is shown in Figure 34.14, the Poynt-
ing vector S is directed radially outward. This indicates that energy is flowing away
from the antenna at this instant. At later times, the fields and the Poynting vector
change direction as the current alternates. Because E and B are 90° out of phase
at points near the dipole, the net energy flow is zero. From this, we might con-
clude (incorrectly) that no energy is radiated by the dipole.

Antenna
axis
I

U\

Antenna 51

Figure 34.15 Electric field lines surrounding a dipole antenna at a given instant. The radiation
fields propagate outward from the antenna with a speed c¢.



34.7 The Spectrum of Electromagnetic Waves

However, we find that energy is indeed radiated. Because the dipole fields fall
off as 1/73 (as shown in Example 23.6 for the electric field of a static dipole), they
are not important at great distances from the antenna. However, at these great dis-
tances, something else causes a type of radiation different from that close to the
antenna. The source of this radiation is the continuous induction of an electric
field by the time-varying magnetic field and the induction of a magnetic field by
the time-varying electric field, predicted by Equations 34.3 and 34.4. The electric
and magnetic fields produced in this manner are in phase with each other and
vary as 1/r. The result is an outward flow of energy at all times.

The electric field lines produced by a dipole antenna at some instant are
shown in Figure 34.15 as they propagate away from the antenna. Note that the in-
tensity and the power radiated are a maximum in a plane that is perpendicular to
the antenna and passing through its midpoint. Furthermore, the power radiated is
zero along the antenna’s axis. A mathematical solution to Maxwell’s equations for
the dipole antenna shows that the intensity of the radiation varies as (sin26) /72,
where 0 is measured from the axis of the antenna. The angular dependence of the
radiation intensity is sketched in Figure 34.16.

Electromagnetic waves can also induce currents in a receiving antenna. The
response of a dipole receiving antenna at a given position is a maximum when the
antenna axis is parallel to the electric field at that point and zero when the axis is
perpendicular to the electric field.

Quick Quiz 34.2

If the plane electromagnetic wave in Figure 34.11 represents the signal from a distant radio
station, what would be the best orientation for your portable radio antenna— (a) along the
x axis, (b) along the y axis, or (c) along the z axis?

34.7_~ THE SPECTRUM OF ELECTROMAGNETIC WAVES

The various types of electromagnetic waves are listed in Figure 34.17, which shows
the electromagnetic spectrum. Note the wide ranges of frequencies and wave-
lengths. No sharp dividing point exists between one type of wave and the next. Re-
member that all forms of the various types of radiation are produced by the
same phenomenon—accelerating charges. The names given to the types of
waves are simply for convenience in describing the region of the spectrum in
which they lie.

Radio waves are the result of charges accelerating through conducting wires.
Ranging from more than 10* m to about 0.1 m in wavelength, they are generated
by such electronic devices as LC oscillators and are used in radio and television
communication systems.

Microwaves have wavelengths ranging from approximately 0.3 m to 1074 m
and are also generated by electronic devices. Because of their short wavelengths,
they are well suited for radar systems and for studying the atomic and molecular
properties of matter. Microwave ovens (in which the wavelength of the radiation is
A = 0.122 m) are an interesting domestic application of these waves. It has been
suggested that solar energy could be harnessed by beaming microwaves to the
Earth from a solar collector in space.7

7 P. Glaser, “Solar Power from Satellites,” Phys. Today, February 1977, p. 30.
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Figure 34.16 Angular depen-
dence of the intensity of radiation
produced by an oscillating electric
dipole.

QuickLab -

Rotate a portable radio (with a tele-
scoping antenna) about a horizontal
axis while it is tuned to a weak sta-
tion. Can you use what you learn
from this movement to verify the an-
swer to Quick Quiz 34.2?

Radio waves

Microwaves

Infrared waves

Visible light waves
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Satellite-dish television antennas re-
ceive television-station signals from
satellites in orbit around the Earth.

Ultraviolet waves

CHAPTER 34  Electromagnetic Waves

Frequency, Hz Wavelength
A
1022 — !
[
1021 = Gamma rays

1020 |—
1019

—11A=10"m

1018
— 1 nm
1017

1016 Ultraviolet
1015

( —{ 1 um
1014 — Visible light

1013 |— Infrared
1012
101 -

1010 — Microwaves N
109 —
108 TV, FM

107 |— Radio waves

106 |~ AM
105 |~ T

104 — Long wave

— 1 km

103 [— ‘ 4 N

Figure 34.17 The electromagnetic spectrum. Note the overlap between adjacent wave types.

Infrared waves have wavelengths ranging from 1073 m to the longest wave-
length of visible light, 7 X 1077 m. These waves, produced by molecules and
room-temperature objects, are readily absorbed by most materials. The infrared
(IR) energy absorbed by a substance appears as internal energy because the en-
ergy agitates the atoms of the object, increasing their vibrational or translational
motion, which results in a temperature increase. Infrared radiation has practical
and scientific applications in many areas, including physical therapy, IR photogra-
phy, and vibrational spectroscopy.

Visible light, the most familiar form of electromagnetic waves, is the part of
the electromagnetic spectrum that the human eye can detect. Light is produced by
the rearrangement of electrons in atoms and molecules. The various wavelengths of

-'a visible light, which correspond to different colors, range from red (A=

7 X 1077 m) to violet (A = 4 X 10~7 m). The sensitivity of the human eye is a func-
tion of wavelength, being a maximum at a wavelength of about 5.5 X 10”7 m. With
this in mind, why do you suppose tennis balls often have a yellow-green color?
Ultraviolet waves cover wavelengths ranging from approximately 4 X 10~7 m
to 6 X 1071 m. The Sun is an important source of ultraviolet (UV) light, which is
the main cause of sunburn. Sunscreen lotions are transparent to visible light but
absorb most UV light. The higher a sunscreen’s solar protection factor (SPF), the
greater the percentage of UV light absorbed. Ultraviolet rays have also been impli-
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cated in the formation of cataracts, a clouding of the lens inside the eye. Wearing X-rays
sunglasses that do not block UV light is worse for your eyes than wearing no sun-

glasses. The lenses of any sunglasses absorb some visible light, thus causing the

wearer’s pupils to dilate. If the glasses do not also block UV light, then more dam-

age may be done to the lens of the eye because of the dilated pupils. If you wear no
sunglasses at all, your pupils are contracted, you squint, and a lot less UV light en-

ters your eyes. High-quality sunglasses block nearly all the eye-damaging UV light.

Most of the UV light from the Sun is absorbed by ozone (O3) molecules in the
Earth’s upper atmosphere, in a layer called the stratosphere. This ozone shield Gamma rays
converts lethal high-energy UV radiation to infrared radiation, which in turn
warms the stratosphere. Recently, a great deal of controversy has arisen concern-
ing the possible depletion of the protective ozone layer as a result of the chemicals
emitted from aerosol spray cans and used as refrigerants.

X-rays have wavelengths in the range from approximately 1078 m to 10712 m.
The most common source of x-rays is the deceleration of high-energy electrons
bombarding a metal target. X-rays are used as a diagnostic tool in medicine and as
a treatment for certain forms of cancer. Because x-rays damage or destroy living tis-
sues and organisms, care must be taken to avoid unnecessary exposure or overex-
posure. X-rays are also used in the study of crystal structure because x-ray wave-
lengths are comparable to the atomic separation distances in solids (about
0.1 nm).

EXAMPLE 34.7 A Half-Wave Antenna

A half-wave antenna works on the principle that the opti-  the signal is

mum le.ngth of .the ante.nna is one-half the Wavelength of . 3.00 X 105 m/s

the radiation being received. What is the optimum length A=—=—"—""- """ =319m
of a car antenna when it receives a signal of frequency / 9.40 X 10" Hz

94.0 MHz?

Thus, to operate most efficiently, the antenna should have a
length of (3.19 m) /2 = 1.60 m. For practical reasons, car an-
Solution Equation 16.14 tells us that the wavelength of  tennas are usually one-quarter wavelength in size.

Gamma rays are electromagnetic waves emitted by radioactive nuclei (such as
%0Co and '37Cs) and during certain nuclear reactions. High-energy gamma rays are
a component of cosmic rays that enter the Earth’s atmosphere from space. They
have wavelengths ranging from approximately 1071° m to less than 1071* m. They
are highly penetrating and produce serious damage when absorbed by living tis-
sues. Consequently, those working near such dangerous radiation must be pro-
tected with heavily absorbing materials, such as thick layers of lead.

The AM in AM radio stands for amplitude modulation, and FM stands for frequency modulation.
(The word modulate means “to change.”) If our eyes could see the electromagnetic waves
from a radio antenna, how could you tell an AM wave from an FM wave?

SUMMARY

Electromagnetic waves, which are predicted by Maxwell’s equations, have the
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following properties:

The electric field and the magnetic field each satisfy a wave equation. These two
wave equations, which can be obtained from Maxwell’s third and fourth equa-
tions, are

0°E 0°E
= = - 34.8
ax2 | 00T (34.8)
0°B 0°B
-— = 5~ 34.9
ax? | MOS0 (34.9)
The waves travel through a vacuum with the speed of light ¢, where
1
c=——=3.00 X 108 m/s (34.10)

\ Lo€o

The electric and magnetic fields are perpendicular to each other and perpen-
dicular to the direction of wave propagation. (Hence, electromagnetic waves are
transverse waves.)

The instantaneous magnitudes of E and B in an electromagnetic wave are re-
lated by the expression

—=c (34.13)

The waves carry energy. The rate of flow of energy crossing a unit area is de-
scribed by the Poynting vector S, where

EXxB (34.18)
They carry momentum and hence exert pressure on surfaces. If an electromag-
netic wave whose Poynting vector is 8 is completely absorbed by a surface upon
which it is normally incident, the radiation pressure on that surface is

S
P=— (complete absorption) (34.24)
c

If the surface totally reflects a normally incident wave, the pressure is doubled.
The electric and magnetic fields of a sinusoidal plane electromagnetic wave

propagating in the positive x direction can be written

E = E_ . cos(kx — wt) (34.11)
B = B, cos(kx — wt) (34.12)

where w is the angular frequency of the wave and k is the angular wave number.
These equations represent special solutions to the wave equations for £ and B. Be-

QUESTIONS
1. For a given incident energy of an electromagnetic wave, 4. What is the fundamental cause of electromagnetic radia-
why is the radiation pressure on a perfectly reflecting sur- tion?
face twice as great as that on a perfectly absorbing sur- 5. Electrical engineers often speak of the radiation resis-
face? tance of an antenna. What do you suppose they mean by
2. Describe the physical significance of the Poynting vector. this phrase?
3. Do all current-carrying conductors emit electromagnetic 6. If a high-frequency current is passed through a solenoid

waves? Explain.

containing a metallic core, the core warms up by induc-



tion. This process also cooks foods in microwave ovens.
Explain why the materials warm up in these situations.
7. Before the advent of cable television and satellite dishes,

homeowners either mounted a television antenna on the

roof or used “rabbit ears” atop their sets (Fig. Q34.7).
Certain orientations of the receiving antenna on a televi-
sion set gave better reception than others. Furthermore,

the best orientation varied from station to station. Explain.

Figure 034.7 Questions 7,12, 18, and 14. The
V-shaped antenna is the VHF antenna. (George Semple)

8. Does a wire connected to the terminals of a battery emit

an electromagnetic wave? Explain.

PROBLEMS
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If you charge a comb by running it through your hair and

10.

11.

12

13.

14.

15.

then hold the comb next to a bar magnet, do the electric
and magnetic fields that are produced constitute an elec-
tromagnetic wave?

An empty plastic or glass dish is cool to the touch right af-
ter it is removed from a microwave oven. How can this be
possible? (Assume that your electric bill has been paid.)
Often when you touch the indoor antenna on a radio or
television receiver, the reception instantly improves. Why?
Explain how the (dipole) VHF antenna of a television set
works. (See Fig. Q34.7.)

Explain how the UHF (loop) antenna of a television set
works. (See Fig. Q34.7.)

Explain why the voltage induced in a UHF (loop) an-
tenna depends on the frequency of the signal, whereas
the voltage in a VHF (dipole) antenna does not. (See Fig.
Q34.7.)

List as many similarities and differences between sound
waves and light waves as you can.

What does a radio wave do to the charges in the receiving

17.

18.

19.

20.

21.

antenna to provide a signal for your car radio?

What determines the height of an AM radio station’s
broadcast antenna?

Some radio transmitters use a “phased array” of antennas.
What is their purpose?

What happens to the radio reception in an airplane as it
flies over the (vertical) dipole antenna of the control
tower?

When light (or other electromagnetic radiation) travels
across a given region, what oscillates?

Why should an infrared photograph of a person look dif-
ferent from a photograph of that person taken with visi-
ble light?

Suppose a creature from another planet had eyes that

were sensitive to infrared radiation. Describe what the
creature would see if it looked around the room you are
now in. That is, what would be bright and what would be
dim?

1, 2, 3 = straightforward, intermediate, challenging D = full solution available in the Student Solutions Manual and Study Guide

WeB = solution posted at http://www.saunderscollege.com/physics/ E = Computer useful in solving problem

[ ] = paired numerical/symbolic problems

= Interactive Physics

Section 34.1 Maxwell's Equations and
Hertz's Discoveries

Section 34.2 Plane Electromagnetic Waves

Note: Assume that the medium is vacuum unless specified
otherwise.

1. If the North Star, Polaris, were to burn out today, in
what year would it disappear from our vision? Take
the distance from the Earth to Polaris as
6.44 X 1018 m.

2. The speed of an electromagnetic wave traveling in a

transparent nonmagnetic substance is v = 1/Nku €,
where « is the dielectric constant of the substance.
Determine the speed of light in water, which has a
dielectric constant at optical frequencies of 1.78.

3. An electromagnetic wave in vacuum has an electric field

amplitude of 220 V/m. Calculate the amplitude of the
corresponding magnetic field.

4. Calculate the maximum value of the magnetic field of

an electromagnetic wave in a medium where the speed
of light is two thirds of the speed of light in vacuum and
where the electric field amplitude is 7.60 mV/m.
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Figure 34.3a shows a plane electromagnetic sinusoidal
wave propagating in what we choose as the x direction.
Suppose that the wavelength is 50.0 m, and the electric
field vibrates in the xy plane with an amplitude of

22.0 V/m. Calculate (a) the frequency of the wave and
(b) the magnitude and direction of B when the electric
field has its maximum value in the negative y direction.
(c) Write an expression for B in the form

B = B cos(kx — wt)

with numerical values for B, k, and w.

. Write down expressions for the electric and magnetic

fields of a sinusoidal plane electromagnetic wave having
a frequency of 3.00 GHz and traveling in the positive

x direction. The amplitude of the electric field is

300 V/m.

In SI units, the electric field in an electromagnetic wave
is described by

Ey =100 sin(1.00 X 107x — wt)

Find (a) the amplitude of the corresponding magnetic
field, (b) the wavelength A, and (c) the frequency f.

. Verify by substitution that the following equations are

solutions to Equations 34.8 and 34.9, respectively:
E = E, . cos(kx — wt)

B = B cos(kx — wt)

. Review Problem. A standing-wave interference pat-

tern is set up by radio waves between two metal sheets
2.00 m apart. This is the shortest distance between the
plates that will produce a standing-wave pattern. What is
the fundamental frequency?

A microwave oven is powered by an electron tube called
a magnetron, which generates electromagnetic waves of
frequency 2.45 GHz. The microwaves enter the oven
and are reflected by the walls. The standing-wave pat-
tern produced in the oven can cook food unevenly, with
hot spots in the food at antinodes and cool spots at
nodes, so a turntable is often used to rotate the food
and distribute the energy. If a microwave oven intended
for use with a turntable is instead used with a cooking
dish in a fixed position, the antinodes can appear as
burn marks on foods such as carrot strips or cheese.
The separation distance between the burns is measured
to be 6 cm * 5%. From these data, calculate the speed
of the microwaves.

Section 34.3 Energy Carried by Electromagnetic Waves

11.

12.

How much electromagnetic energy per cubic meter is
contained in sunlight, if the intensity of sunlight at the
Earth’s surface under a fairly clear sky is 1 000 W/m??
An AM radio station broadcasts isotropically (equally in
all directions) with an average power of 4.00 kW. A di-
pole receiving antenna 65.0 cm long is at a location
4.00 miles from the transmitter. Compute the emf that

€Electromagnetic Waves

is induced by this signal between the ends of the receiv-
ing antenna.

What is the average magnitude of the Poynting vector

14.

5.00 miles from a radio transmitter broadcasting
isotropically with an average power of 250 kW?

A monochromatic light source emits 100 W of electro-
magnetic power uniformly in all directions. (a) Calcu-
late the average electric-field energy density 1.00 m
from the source. (b) Calculate the average magnetic-
field energy density at the same distance from the
source. (c) Find the wave intensity at this location.

weB A community plans to build a facility to convert solar ra-

16.

diation to electric power. They require 1.00 MW of
power, and the system to be installed has an efficiency
of 30.0% (thatis, 30.0% of the solar energy incident on
the surface is converted to electrical energy). What
must be the effective area of a perfectly absorbing sur-
face used in such an installation, assuming a constant
intensity of 1 000 W/m??

Assuming that the antenna of a 10.0-kW radio station
radiates spherical electromagnetic waves, compute the
maximum value of the magnetic field 5.00 km from the
antenna, and compare this value with the surface mag-
netic field of the Earth.

wes The filament of an incandescent lamp has a 150-() resis-

18.

19.

20.

tance and carries a direct current of 1.00 A. The fila-
ment is 8.00 cm long and 0.900 mm in radius. (a) Cal-
culate the Poynting vector at the surface of the
filament. (b) Find the magnitude of the electric and
magnetic fields at the surface of the filament.

In a region of free space the electric field at an instant of
time is E = (80.0i + 32.0j — 64.0k) N/C and the mag-
netic field is B = (0.200i + 0.080 0j + 0.290k) uT.

(a) Show that the two fields are perpendicular to each
other. (b) Determine the Poynting vector for these fields.
A lightbulb filament has a resistance of 110 (). The bulb
is plugged into a standard 120-V (rms) outlet and emits
1.00% of the electric power delivered to it as electro-
magnetic radiation of frequency f Assuming that the
bulb is covered with a filter that absorbs all other fre-
quencies, find the amplitude of the magnetic field

1.00 m from the bulb.

A certain microwave oven contains a magnetron that
has an output of 700 W of microwave power for an elec-
trical input power of 1.40 kW. The microwaves are en-
tirely transferred from the magnetron into the oven
chamber through a waveguide, which is a metal tube of
rectangular cross-section with a width of 6.83 cm and a
height of 3.81 cm. (a) What is the efficiency of the mag-
netron? (b) Assuming that the food is absorbing all the
microwaves produced by the magnetron and that no en-
ergy is reflected back into the waveguide, find the direc-
tion and magnitude of the Poynting vector, averaged
over time, in the waveguide near the entrance to the
oven chamber. (c¢) What is the maximum electric field
magnitude at this point?



21. High-power lasers in factories are used to cut through
cloth and metal (Fig. P34.21). One such laser has a
beam diameter of 1.00 mm and generates an electric
field with an amplitude of 0.700 MV/m at the target.
Find (a) the amplitude of the magnetic field produced,
(b) the intensity of the laser, and (c) the power deliv-
ered by the laser.

Figure P34.21 A laser cutting device mounted on a robot
arm is being used to cut through a metallic plate. (Philippe
Plailly/SPL/Photo Researchers)

22. At what distance from a 100-W electromagnetic-wave
point source does E,,, = 15.0 V/m?

23. A 10.0-mW laser has a beam diameter of 1.60 mm.

(a) What is the intensity of the light, assuming it is uni-
form across the circular beam? (b) What is the average
energy density of the beam?

24. At one location on the Earth, the rms value of the mag-
netic field caused by solar radiation is 1.80 uT. From
this value, calculate (a) the average electric field due to
solar radiation, (b) the average energy density of the so-
lar component of electromagnetic radiation at this loca-
tion, and (c) the magnitude of the Poynting vector for
the Sun’s radiation. (d) Compare the value found in
part (c) with the value of the solar intensity given in Ex-
ample 34.5.

Section 34.4 Momentum and Radiation Pressure

A radio wave transmits 25.0 W/m? of power per unit
area. A flat surface of area A is perpendicular to the di-
rection of propagation of the wave. Calculate the radia-
tion pressure on it if the surface is a perfect absorber.

26. A plane electromagnetic wave of intensity 6.00 W/m?
strikes a small pocket mirror, of area 40.0 cm?, held per-
pendicular to the approaching wave. (a) What momen-
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tum does the wave transfer to the mirror each second?
(b) Find the force that the wave exerts on the mirror.

27. A possible means of space flight is to place a perfectly
reflecting aluminized sheet into orbit around the Earth
and then use the light from the Sun to push this “solar
sail.” Suppose a sail of area 6.00 X 10° m? and mass
6 000 kg is placed in orbit facing the Sun. (a) What
force is exerted on the sail? (b) What is the sail’s accel-
eration? (c) How long does it take the sail to reach the
Moon, 3.84 X 10® m away? Ignore all gravitational ef-
fects, assume that the acceleration calculated in part
(b) remains constant, and assume a solar intensity of
1340 W/m?2.

28. A 100-mW laser beam is reflected back upon itself by a
mirror. Calculate the force on the mirror.

WeB A 15.0-mW helium-neon laser (A = 632.8 nm) emits
a beam of circular cross-section with a diameter of
2.00 mm. (a) Find the maximum electric field in the
beam. (b) What total energy is contained in a 1.00-m
length of the beam? (c) Find the momentum carried by
a 1.00-m length of the beam.

30. Given that the intensity of solar radiation incident on
the upper atmosphere of the Earth is 1 340 W/m?, de-
termine (a) the solar radiation incident on Mars,

(b) the total power incident on Mars, and (c) the total
force acting on the planet. (d) Compare this force to
the gravitational attraction between Mars and the Sun
(see Table 14.2).

31. A plane electromagnetic wave has an intensity of
750 W/m?. A flat rectangular surface of dimensions
50.0 cm X 100 cm is placed perpendicular to the direc-
tion of the wave. If the surface absorbs half of the en-
ergy and reflects half, calculate (a) the total energy ab-
sorbed by the surface in 1.00 min and (b) the
momentum absorbed in this time.

(Optional)
Section 34.5 Radiation from an Infinite Current Sheet

32. Alarge current-carrying sheet emits radiation in each
direction (normal to the plane of the sheet) with an in-
tensity of 570 W/m?2. What maximum value of sinus-
oidal current density is required?

A rectangular surface of dimensions 120 cm X 40.0 cm
is parallel to and 4.40 m away from a much larger con-
ducting sheet in which a sinusoidally varying surface
current exists that has a maximum value of 10.0 A/m.
(a) Calculate the average power that is incident on the
smaller sheet. (b) What power per unit area is radiated
by the larger sheet?

(Optional)
Section 34.6 Production of Electromagnetic
Waves by an Antenna

34. Two hand-held radio transceivers with dipole antennas
are separated by a great fixed distance. Assuming that
the transmitting antenna is vertical, what fraction of the
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maximum received power will occur in the receiving an-
tenna when it is inclined from the vertical by (a) 15.0°?
(b) 45.0°? (c) 90.0°?

35.] Two radio-transmitting antennas are separated by half

36.

37.

38.

the broadcast wavelength and are driven in phase with
each other. In which directions are (a) the strongest
and (b) the weakest signals radiated?

Figure 34.14 shows a Hertz antenna (also known as a
half-wave antenna, since its length is A/2). The antenna
is far enough from the ground that reflections do not
significantly affect its radiation pattern. Most AM radio
stations, however, use a Marconi antenna, which con-
sists of the top half of a Hertz antenna. The lower end
of this (quarter-wave) antenna is connected to earth
ground, and the ground itself serves as the missing
lower half. What are the heights of the Marconi anten-
nas for radio stations broadcasting at (a) 560 kHz and
(b) 1 600 kHz?

Review Problem. Accelerating charges radiate
electromagnetic waves. Calculate the wavelength of
radiation produced by a proton in a cyclotron with a
radius of 0.500 m and a magnetic field with a magni-
tude of 0.350 T.

Review Problem. Accelerating charges radiate
electromagnetic waves. Calculate the wavelength of ra-
diation produced by a proton in a cyclotron of radius R
and magnetic field B.

Section 34.7 The Spectrum of Electromagnetic Waves

39.

40.

41.

42.

(a) Classify waves with frequencies of 2 Hz, 2 kHz,

2 MHz, 2 GHz, 2 THz, 2 PHz, 2 EHz, 2 ZHz, and 2 YHz
on the electromagnetic spectrum. (b) Classify waves
with wavelengths of 2 km, 2 m, 2 mm, 2 um, 2 nm,

2 pm, 2 fm, and 2 am.

Compute an order-of-magnitude estimate for the fre-
quency of an electromagnetic wave with a wavelength
equal to (a) your height; (b) the thickness of this sheet
of paper. How is each wave classified on the electromag-
netic spectrum?

The human eye is most sensitive to light having a wave-
length of 5.50 X 10~7 m, which is in the green—yellow
region of the visible electromagnetic spectrum. What is
the frequency of this light?

Suppose you are located 180 m from a radio transmit-
ter. (a) How many wavelengths are you from the trans-
mitter if the station calls itself 1150 AM? (The AM band
frequencies are in kilohertz.) (b) What if this station
were 98.1 FM? (The FM band frequencies are in mega-
hertz.)

What are the wavelengths of electromagnetic waves in

44.

free space that have frequencies of (a) 5.00 X 10'¥ Hz
and (b) 4.00 X 10° Hz?

A radar pulse returns to the receiver after a total travel
time of 4.00 X 10~*s. How far away is the object that re-
flected the wave?

€Electromagnetic Waves

45.

46.

47.

48.

This just in! An important news announcement is trans-
mitted by radio waves to people sitting next to their ra-
dios, 100 km from the station, and by sound waves to
people sitting across the newsroom, 3.00 m from the
newscaster. Who receives the news first? Explain. Take
the speed of sound in air to be 343 m/s.

The U.S. Navy has long proposed the construction of
extremely low-frequency (ELF) communication sys-
tems. Such waves could penetrate the oceans to reach
distant submarines. Calculate the length of a quarter-
wavelength antenna for a transmitter generating ELF
waves with a frequency of 75.0 Hz. How practical is this?
What are the wavelength ranges in (a) the AM radio
band (540-1 600 kHz), and (b) the FM radio band
(88.0-108 MHz)?

There are 12 VHF television channels (Channels 2—13)
that lie in the range of frequencies between 54.0 MHz
and 216 MHz. Each channel is assigned a width of

6.0 MHz, with the two ranges 72.0-76.0 MHz and
88.0—174 MHz reserved for non-TV purposes. (Chan-
nel 2, for example, lies between 54.0 and 60.0 MHz.)
Calculate the wavelength ranges for (a) Channel 4,

(b) Channel 6, and (c) Channel 8.

ADDITIONAL PROBLEMS

49.

50.

Assume that the intensity of solar radiation incident on
the cloud tops of Earth is 1 340 W/m?. (a) Calculate the
total power radiated by the Sun, taking the average
Earth—Sun separation to be 1.496 X 10!! m. (b) Deter-
mine the maximum values of the electric and magnetic
fields at the Earth’s location due to solar radiation.

The intensity of solar radiation at the top of the Earth’s
atmosphere is 1 340 W/m?. Assuming that 60% of the
incoming solar energy reaches the Earth’s surface and
assuming that you absorb 50% of the incident energy,
make an order-of-magnitude estimate of the amount of
solar energy you absorb in a 60-min sunbath.

WeB Review Problem. In the absence of cable input or a

52.

satellite dish, a television set can use a dipole-receiving
antenna for VHF channels and a loop antenna for UHF
channels (see Fig. Q34.7). The UHF antenna produces
an emf from the changing magnetic flux through the
loop. The TV station broadcasts a signal with a fre-
quency f, and the signal has an electric-field amplitude
E . and a magnetic-field amplitude B, at the loca-
tion of the receiving antenna. (a) Using Faraday’s law,
derive an expression for the amplitude of the emf

that appears in a single-turn circular loop antenna with
a radius 7, which is small compared to the wavelength of
the wave. (b) If the electric field in the signal points ver-
tically, what should be the orientation of the loop for
best reception?

Consider a small, spherical particle of radius r located
in space a distance R from the Sun. (a) Show that the
ratio [,q/ Fyray Is proportional to 1/7, where [f,q is the



force exerted by solar radiation and Fyy,, is the force of
gravitational attraction. (b) The result of part (a)
means that, for a sufficiently small value of r, the force
exerted on the particle by solar radiation exceeds the
force of gravitational attraction. Calculate the value of r
for which the particle is in equilibrium under the two
forces. (Assume that the particle has a perfectly absorb-
ing surface and a mass density of 1.50 g/cm?. Let the
particle be located 3.75 X 10'! m from the Sun, and use
214 W/m? as the value of the solar intensity at that
point.)

A dish antenna with a diameter of 20.0 m receives

54.

55.

(at normal incidence) a radio signal from a distant
source, as shown in Figure P34.53. The radio signal

is a continuous sinusoidal wave with amplitude E,,, =
0.200 wV/m. Assume that the antenna absorbs all the
radiation that falls on the dish. (a) What is the ampli-
tude of the magnetic field in this wave? (b) What is
the intensity of the radiation received by this antenna?
(c) What power is received by the antenna? (d) What
force is exerted on the antenna by the radio waves?

Figure P34.53

A parallel-plate capacitor has circular plates of radius r
separated by distance €. It has been charged to voltage
AV and is being discharged as current 7 is drawn from
it. Assume that the plate separation € is very small com-
pared to 7, so the electric field is essentially constant in
the volume between the plates and is zero outside this
volume. Note that the displacement current between
the capacitor plates creates a magnetic field. (a) Deter-
mine the magnitude and direction of the Poynting vec-
tor at the cylindrical surface surrounding the electric
field volume. (b) Use the value of the Poynting vector
and the lateral surface area of the cylinder to find the
total power transfer for the capacitor. (c) What are the
changes to these results if the direction of the current is
reversed, so the capacitor is charging?

A section of a very long air-core solenoid, far from ei-
ther end, forms an inductor with radius 7, length ¢, and

56.
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n turns of wire per unit length. At a particular instant,
the solenoid current is ¢ and is increasing at the rate

di/ dt. Ignore the resistance of the wire. (a) Find the
magnitude and direction of the Poynting vector over
the interior surface of this section of solenoid. (b) Find
the rate at which the energy stored in the magnetic
field of the inductor is increasing. (c) Express the
power in terms of the voltage AV across the inductor.

A goal of the Russian space program is to illuminate
dark northern cities with sunlight reflected to Earth
from a 200-m-diameter mirrored surface in orbit. Sev-
eral smaller prototypes have already been constructed
and put into orbit. (a) Assume that sunlight with an in-
tensity of 1 340 W/m? falls on the mirror nearly perpen-
dicularly, and that the atmosphere of the Earth allows
74.6% of the energy of sunlight to pass through it in
clear weather. What power is received by a city when the
space mirror is reflecting light to it? (b) The plan is for
the reflected sunlight to cover a circle with a diameter
of 8.00 km. What is the intensity of the light (the aver-
age magnitude of the Poynting vector) received by the
city? (c) This intensity is what percentage of the vertical
component of sunlight at Saint Petersburg in January,
when the sun reaches an angle of 7.00° above the hori-
zon at noon?

57.| In 1965 Arno Penzias and Robert Wilson discovered the

58.

cosmic microwave radiation that was left over from the
Big Bang expansion of the Universe. Suppose the en-
ergy density of this background radiation is equal to
4.00 X 1074 J/m?. Determine the corresponding
electric-field amplitude.

A hand-held cellular telephone operates in the 860- to
900-MHz band and has a power output of 0.600 W from
an antenna 10.0 cm long (Fig. P34.58). (a) Find the av-
erage magnitude of the Poynting vector 4.00 cm from
the antenna, at the location of a typical person’s head.
Assume that the antenna emits energy with cylindrical
wave fronts. (The actual radiation from antennas fol-
lows a more complicated pattern, as suggested by Fig.
34.15.) (b) The ANSI/IEEE C95.1-1991 maximum ex-
posure standard is 0.57 mW/cm? for persons living near

Figure P34.58. (©1998 Adam Smith/FPG International)
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cellular telephone base stations, who would be continu-
ously exposed to the radiation. Compare the answer to
part (a) with this standard.

A linearly polarized microwave with a wavelength of

60.

1.50 cm is directed along the positive x axis. The elec-
tric field vector has a maximum value of 175 V/m and
vibrates in the xy plane. (a) Assume that the magnetic-
field component of the wave can be written in the form
B = B, sin(kx — wt), and give values for B, ,«, k, and
w. Also, determine in which plane the magnetic-field
vector vibrates. (b) Calculate the magnitude of the
Poynting vector for this wave. (c) What maximum radia-
tion pressure would this wave exert if it were directed at
normal incidence onto a perfectly reflecting sheet?

(d) What maximum acceleration would be imparted to
a 500-g sheet (perfectly reflecting and at normal inci-
dence) with dimensions of 1.00 m X 0.750 m?

Review Section 20.7 on thermal radiation. (a) An elderly
couple have installed a solar water heater on the roof of
their house (Fig. P34.60). The solar-energy collector
consists of a flat closed box with extraordinarily good
thermal insulation. Its interior is painted black, and its
front face is made of insulating glass. Assume that its
emissivity for visible light is 0.900 and its emissivity for
infrared light is 0.700. Assume that the noon Sun
shines in perpendicular to the glass, with intensity

1 000 W/m?2, and that no water is then entering or leav-
ing the box. Find the steady-state temperature of the in-
terior of the box. (b) The couple have built an identical
box with no water tubes. It lies flat on the ground in
front of the house. They use it as a cold frame, where
they plant seeds in early spring. If the same noon Sun is
at an elevation angle of 50.0°, find the steady-state tem-
perature of the interior of this box, assuming that the
ventilation slots are tightly closed.

Figure P34.60 (oBill Banaszewski/Visuals Unlimited)

61.] An astronaut, stranded in space 10.0 m from his space-

craft and at rest relative to it, has a mass (including
equipment) of 110 kg. Since he has a 100-W light
source that forms a directed beam, he decides to use
the beam as a photon rocket to propel himself continu-
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62.

63.

64.

65.

66.

ously toward the spacecraft. (a) Calculate how long it
takes him to reach the spacecraft by this method.

(b) Suppose, instead, that he decides to throw the light
source away in a direction opposite the spacecraft. If the
light source has a mass of 3.00 kg and, after being
thrown, moves at 12.0 m/s relative to the recoiling
astronaut, how long does it take for the astronaut to
reach the spacecraft?

The Earth reflects approximately 38.0% of the incident
sunlight from its clouds and surface. (a) Given that the
intensity of solar radiation is 1 340 W/m?2, what is the ra-
diation pressure on the Earth, in pascals, when the Sun
is straight overhead? (b) Compare this to normal atmos-
pheric pressure at the Earth’s surface, which is 101 kPa.

Lasers have been used to suspend spherical glass beads
in the Earth’s gravitational field. (a) If a bead has a
mass of 1.00 ug and a density of 0.200 g/cm?, deter-
mine the radiation intensity needed to support the
bead. (b) If the beam has a radius of 0.200 cm, what
power is required for this laser?

Lasers have been used to suspend spherical glass beads
in the Earth’s gravitational field. (a) If a bead has a
mass mand a density p, determine the radiation inten-
sity needed to support the bead. (b) If the beam has a
radius 7, what power is required for this laser?

Review Problem. A 1.00-m-diameter mirror focuses
the Sun’s rays onto an absorbing plate 2.00 cm in ra-
dius, which holds a can containing 1.00 L of water at
20.0°C. (a) If the solar intensity is 1.00 kW/m?, what is
the intensity on the absorbing plate? (b) What are the
maximum magnitudes of the fields E and B? (c) If
40.0% of the energy is absorbed, how long would it
take to bring the water to its boiling point?

A microwave source produces pulses of 20.0-GHz radia-
tion, with each pulse lasting 1.00 ns. A parabolic reflec-
tor (R = 6.00 cm) is used to focus these pulses into a
parallel beam of radiation, as shown in Figure P34.66.
The average power during each pulse is 25.0 kW.

(a) What is the wavelength of these microwaves?

(b) What is the total energy contained in each pulse?
(c) Compute the average energy density inside each
pulse. (d) Determine the amplitude of the electric and
magnetic fields in these microwaves. (e) Compute the
force exerted on the surface during the 1.00-ns dura-
tion of each pulse if the pulsed beam strikes an absorb-
ing surface.

[ e e W
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Figure P34.66



67.

68.

69.

70.

The electromagnetic power radiated by a nonrelativistic
moving point charge ¢ having an acceleration a is
g2a?

67eycd
where ¢ is the permittivity of vacuum (free space) and ¢
is the speed of light in vacuum. (a) Show that the right
side of this equation is in watts. (b) If an electron is
placed in a constant electric field of 100 N/C, deter-
mine the acceleration of the electron and the electro-
magnetic power radiated by this electron. (c) If a pro-
ton is placed in a cyclotron with a radius of 0.500 m and
a magnetic field of magnitude 0.350 T, what electro-
magnetic power is radiated by this proton?
A thin tungsten filament with a length of 1.00 m radi-
ates 60.0 W of power in the form of electromagnetic
waves. A perfectly absorbing surface, in the form of a
hollow cylinder with a radius of 5.00 cm and a length of
1.00 m, is placed concentrically with the filament. Cal-
culate the radiation pressure acting on the cylinder. (As-
sume that the radiation is emitted in the radial direc-
tion, and neglect end effects.)
The torsion balance shown in Figure 34.8 is used in an
experiment to measure radiation pressure. The suspen-
sion fiber exerts an elastic restoring torque. Its torque
constant is 1.00 X 107! N-m/degree, and the length
of the horizontal rod is 6.00 cm. The beam from a
3.00-mW helium-neon laser is incident on the black
disk, and the mirror disk is completely shielded. Calcu-
late the angle between the equilibrium positions of the
horizontal bar when the beam is switched from “off” to
“on.”
Review Problem. The study of Creation suggests a
Creator with a remarkable liking for beetles and for

ANSWERS TO QUICK QuUizzEs

34.1 Zero. Figure 34.3b shows that the B and E vectors reach

their maximum and minimum values at the same time.

34.2 (b) Along the y axis because that is the orientation of

the electric field. The electric field moves electrons in
the antenna, thus inducing a current that is detected
and amplified.

Answers to Quick Quizzes

71.

72.

34.3

1103

small red stars. A red star, typical of the most common
kind, radiates electromagnetic waves with a power of
6.00 X 102 W, which is only 0.159% of the luminosity
of the Sun. Consider a spherical planet in a circular or-
bit around this star. Assume that the emissivity of the
planet, as defined in Section 20.7, is equal for infrared
and visible light. Assume that the planet has a uniform
surface temperature. Identify the projected area over
which the planet absorbs starlight, and the radiating
area of the planet. If beetles thrive at a temperature of
310 K, what should the radius of the planet’s orbit be?
A “laser cannon” of a spacecraft has a beam of cross-
sectional area A. The maximum electric field in the
beam is E. At what rate a will an asteroid accelerate
away from the spacecraft if the laser beam strikes the
asteroid perpendicularly to its surface, and the surface
is nonreflecting? The mass of the asteroid is m. Neglect
the acceleration of the spacecraft.

A plane electromagnetic wave varies sinusoidally at
90.0 MHz as it travels along the + x direction. The peak
value of the electric field is 2.00 mV/m, and it is di-
rected along the = y direction. (a) Find the wavelength,
the period, and the maximum value of the magnetic
field. (b) Write expressions in SI units for the space and
time variations of the electric field and of the magnetic
field. Include numerical values, and include subscripts
to indicate coordinate directions. (c) Find the average
power per unit area that this wave propagates through
space. (d) Find the average energy density in the radia-
tion (in joules per cubic meter). (e) What radiation
pressure would this wave exert upon a perfectly reflect-
ing surface at normal incidence?

The AM wave, because its amplitude is changing, would
appear to vary in brightness. The FM wave would have
changing colors because the color we perceive is related
to the frequency of the light.



