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32.20 . The intensity of a cylindrical laser beam is 
The cross-sectional area of the beam is and the
intensity is uniform across the cross section of the beam. (a) What
is the average power output of the laser? (b) What is the rms value
of the electric field in the beam?
32.21 . A space probe from a star measures the
total intensity of electromagnetic radiation from the star to be

If the star radiates uniformly in all directions,
what is its total average power output?
32.22 . A sinusoidal electromagnetic wave emitted by a cellular
phone has a wavelength of 35.4 cm and an electric-field amplitude
of at a distance of 250 m from the phone. Cal-
culate (a) the frequency of the wave; (b) the magnetic-field ampli-
tude; (c) the intensity of the wave.
32.23 . A monochromatic light source with power output 60.0 W
radiates light of wavelength 700 nm uniformly in all directions.
Calculate and for the 700-nm light at a distance of 5.00 m
from the source.
32.24 . For the electromagnetic wave represented by Eqs. (32.19),
show that the Poynting vector (a) is in the same direction as the
propagation of the wave and (b) has average magnitude given by
Eqs. (32.29).
32.25 .. An intense light source radiates uniformly in all direc-
tions. At a distance of 5.0 m from the source, the radiation pressure
on a perfectly absorbing surface is What is the
total average power output of the source?
32.26 . Television Broadcasting. Public television station
KQED in San Francisco broadcasts a sinusoidal radio signal at a
power of 316 kW. Assume that the wave spreads out uniformly
into a hemisphere above the ground. At a home 5.00 km away
from the antenna, (a) what average pressure does this wave exert
on a totally reflecting surface, (b) what are the amplitudes of the
electric and magnetic fields of the wave, and (c) what is the aver-
age density of the energy this wave carries? (d) For the energy den-
sity in part (c), what percentage is due to the electric field and what
percentage is due to the magnetic field?
32.27 .. BIO Laser Safety. If the eye receives an average
intensity greater than damage to the retina can
occur. This quantity is called the damage threshold of the retina.
(a) What is the largest average power (in mW) that a laser beam
1.5 mm in diameter can have and still be considered safe to view
head-on? (b) What are the maximum values of the electric and
magnetic fields for the beam in part (a)? (c) How much energy
would the beam in part (a) deliver per second to the retina? 
(d) Express the damage threshold in W cm2.
32.28 . In the 25-ft Space Simulator facility at NASA’s Jet
Propulsion Laboratory, a bank of overhead arc lamps can produce
light of intensity at the floor of the facility. (This sim-
ulates the intensity of sunlight near the planet Venus.) Find the
average radiation pressure (in pascals and in atmospheres) on (a) a
totally absorbing section of the floor and (b) a totally reflecting
section of the floor. (c) Find the average momentum density
(momentum per unit volume) in the light at the floor.
32.29 . Laboratory Lasers. He–Ne lasers are often used in
physics demonstrations. They produce light of wavelength 633 nm
and a power of 0.500 mW spread over a cylindrical beam 1.00 mm
in diameter (although these quantities can vary). (a) What is the
intensity of this laser beam? (b) What are the maximum values of
the electric and magnetic fields? (c) What is the average energy
density in the laser beam?
32.30 .. Solar Sail 1. During 2004, Japanese scientists suc-
cessfully tested two solar sails. One had a somewhat complicated
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thick. The intensity of solar energy at that location was about 1400
W m2. (a) What force did the sun’s light exert on this sail, assum-
ing that it struck perpendicular to the sail and that the sail was per-
fectly reflecting? (b) If the sail was made of magnesium, of density

what acceleration would the sun’s radiation give to the
sail? (c) Does the acceleration seem large enough to be feasible for
space flight? In what ways could the sail be modified to increase its
acceleration?

Section 32.5 Standing Electromagnetic Waves
32.31 . Microwave Oven. The microwaves in a certain micro-
wave oven have a wavelength of 12.2 cm. (a) How wide must this
oven be so that it will contain five antinodal planes of the electric
field along its width in the standing-wave pattern? (b) What is the
frequency of these microwaves? (c) Suppose a manufacturing
error occurred and the oven was made 5.0 cm longer than specified
in part (a). In this case, what would have to be the frequency of the
microwaves for there still to be five antinodal planes of the electric
field along the width of the oven?
32.32 . An electromagnetic standing wave in air of frequency
750 MHz is set up between two conducting planes 80.0 cm apart.
At which positions between the planes could a point charge be
placed at rest so that it would remain at rest? Explain.
32.33 . A standing electromagnetic wave in a certain material has
frequency The nodal planes of are 3.55 mm
apart. Find (a) the wavelength of the wave in this material; (b) the
distance between adjacent nodal planes of the field; (c) the speed
of propagation of the wave.
32.34 . An electromagnetic standing wave in air has frequency
75.0 MHz. (a) What is the distance between nodal planes of the 
field? (b) What is the distance between a nodal plane of and the
closest nodal plane of 
32.35 . An electromagnetic standing wave in a certain material
has frequency and speed of propagation 

(a) What is the distance between a nodal plane of and
the closest antinodal plane of ? (b) What is the distance between
an antinodal plane of and the closest antinodal plane of 
(c) What is the distance between a nodal plane of and the closest
nodal plane of 
32.36 . CALC Show that the electric and magnetic fields for stand-
ing waves given by Eqs. (32.34) and (32.35) (a) satisfy the wave
equation, Eq. (32.15), and (b) satisfy Eqs. (32.12) and (32.14).

PROBLEMS
32.37 .. BIO Laser Surgery. Very short pulses of high-intensity
laser beams are used to repair detached portions of the retina of the
eye. The brief pulses of energy absorbed by the retina weld the
detached portions back into place. In one such procedure, a laser
beam has a wavelength of 810 nm and delivers 250 mW of power
spread over a circular spot in diameter. The vitreous
humor (the transparent fluid that fills most of the eye) has an index
of refraction of 1.34. (a) If the laser pulses are each 1.50 ms long,
how much energy is delivered to the retina with each pulse? 
(b) What average pressure does the pulse of the laser beam exert
on the retina as it is fully absorbed by the circular spot? (c) What
are the wavelength and frequency of the laser light inside the vitre-
ous humor of the eye? (d) What are the maximum values of the
electric and magnetic fields in the laser beam?
32.38 .. CALC Consider a sinusoidal electromagnetic wave with
fields and B
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32.20 . The intensity of a cylindrical laser beam is 
The cross-sectional area of the beam is and the
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electric and magnetic fields of the wave, and (c) what is the aver-
age density of the energy this wave carries? (d) For the energy den-
sity in part (c), what percentage is due to the electric field and what
percentage is due to the magnetic field?
32.27 .. BIO Laser Safety. If the eye receives an average
intensity greater than damage to the retina can
occur. This quantity is called the damage threshold of the retina.
(a) What is the largest average power (in mW) that a laser beam
1.5 mm in diameter can have and still be considered safe to view
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section of the floor. (c) Find the average momentum density
(momentum per unit volume) in the light at the floor.
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physics demonstrations. They produce light of wavelength 633 nm
and a power of 0.500 mW spread over a cylindrical beam 1.00 mm
in diameter (although these quantities can vary). (a) What is the
intensity of this laser beam? (b) What are the maximum values of
the electric and magnetic fields? (c) What is the average energy
density in the laser beam?
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oven be so that it will contain five antinodal planes of the electric
field along its width in the standing-wave pattern? (b) What is the
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error occurred and the oven was made 5.0 cm longer than specified
in part (a). In this case, what would have to be the frequency of the
microwaves for there still to be five antinodal planes of the electric
field along the width of the oven?
32.32 . An electromagnetic standing wave in air of frequency
750 MHz is set up between two conducting planes 80.0 cm apart.
At which positions between the planes could a point charge be
placed at rest so that it would remain at rest? Explain.
32.33 . A standing electromagnetic wave in a certain material has
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apart. Find (a) the wavelength of the wave in this material; (b) the
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of propagation of the wave.
32.34 . An electromagnetic standing wave in air has frequency
75.0 MHz. (a) What is the distance between nodal planes of the 
field? (b) What is the distance between a nodal plane of and the
closest nodal plane of 
32.35 . An electromagnetic standing wave in a certain material
has frequency and speed of propagation 

(a) What is the distance between a nodal plane of and
the closest antinodal plane of ? (b) What is the distance between
an antinodal plane of and the closest antinodal plane of 
(c) What is the distance between a nodal plane of and the closest
nodal plane of 
32.36 . CALC Show that the electric and magnetic fields for stand-
ing waves given by Eqs. (32.34) and (32.35) (a) satisfy the wave
equation, Eq. (32.15), and (b) satisfy Eqs. (32.12) and (32.14).
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32.37 .. BIO Laser Surgery. Very short pulses of high-intensity
laser beams are used to repair detached portions of the retina of the
eye. The brief pulses of energy absorbed by the retina weld the
detached portions back into place. In one such procedure, a laser
beam has a wavelength of 810 nm and delivers 250 mW of power
spread over a circular spot in diameter. The vitreous
humor (the transparent fluid that fills most of the eye) has an index
of refraction of 1.34. (a) If the laser pulses are each 1.50 ms long,
how much energy is delivered to the retina with each pulse? 
(b) What average pressure does the pulse of the laser beam exert
on the retina as it is fully absorbed by the circular spot? (c) What
are the wavelength and frequency of the laser light inside the vitre-
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electric and magnetic fields in the laser beam?
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 32.27. IDENTIFY:   We know the greatest intensity that the eye can safely receive. 

SET UP:   .PI
A

=  21
0 max2 .I cE= !  max max .E cB=  

EXECUTE:   (a) 2 2 3 2 4(1 0 10  W/m ) (0 75 10  m) 1 8 10  W 0 18 mW.P IA π − −= = . × . × = . × = .  

(b) 
2 2

12 2 2 8
0

2 2(1 0 10  W/m )
274 V/m.

(8 85 10  C /N m )(3 00 10  m/s)
IE
c −

. ×= = =
. × ⋅ . ×!

 7max
max 9 13 10  T.EB

c
−= = . ×  

(c) 0.18 mW 0 18 mJ/s.P = = .  

(d) 
2

2 2 2
2

1 m(1.0 10  W/m ) 0.010 W/cm .
10  cm

I ⎛ ⎞= × =⎜ ⎟
⎝ ⎠

 

EVALUATE:   Both the electric and magnetic fields are quite weak compared to normal laboratory fields. 
 32.28. IDENTIFY:   Apply Eqs. (32.32) and (32.33). The average momentum density is given by Eq. (32.30), with 

S replaced by av .S I=  

SET UP:   51 atm 1 013 10  Pa= . ×  

EXECUTE:   (a) Absorbed light: 
2

6
rad 8

2500 W/m 8.33 10 Pa.
3.0 10 m/s

Ip
c

−= = = ×
×

 Then 

6
11

rad 5
8 33 10  Pa 8 23 10  atm.

1 013 10 Pa/atm
p

−
−. ×= = . ×

. ×  
 

(b) Reflecting light: 
2

5
rad 8

2 2(2500 W/m ) 1 67 10 Pa.
3 0 10 m/s

Ip
c

−= = = . ×
. ×

 Then 

5
10

rad 5
1.67 10  Pa 1.65 10  atm.

1.013 10 Pa/atm
p

−
−×= = ×

×  
 

(c) The momentum density is 
2

14 2av
2 8 2

2500 W/m 2.78 10 kg/m s.
(3.0 10 m/s)

dp S
dV c

−= = = × ⋅
×

 

EVALUATE:   The factor of 2 in radp  for the reflecting surface arises because the momentum vector totally 
reverses direction upon reflection. Thus the change in momentum is twice the original momentum. 

 32.29. IDENTIFY:   We know the wavelength and power of the laser beam, as well as the area over which it acts. 
SET UP:   .P IA=  2.A rπ=  max max .E cB=  The intensity avI S=  is related to the maximum electric field 

by 21
0 max2 .I cE= !  The average energy density avu  is related to the intensity I by av .I u c=  

EXECUTE:   (a) 
3

2
3 2

0.500 10  W 637 W/m .
(0.500 10  m)

PI
A π

−

−
×= = =
×

 

(b) 
2

max 12 2 2 8
0

2 2(637 W/m ) 693 V/m.
(8 85 10  C /N m )(3 00 10  m/s)

IE
c −= = =

. × ⋅ . ×!
 max

max 2.31 T.EB
c

µ= =  

(c) 
2

6 3
av 8

637 W/m 2.12 10  J/m .
3.00 10  m/s

Iu
c

−= = = ×
×

 

EVALUATE:   The fields are very weak, so a cubic meter of space contains only about 2 Jµ  of energy. 
 32.30. IDENTIFY:   We know the intensity of the solar light and the area over which it acts. We can use the light 

intensity to find the force the light exerts on the sail, and then use the sail’s density to find its mass. 
Newton’s second law will then give the acceleration of the sail. 

SET UP:   For a reflecting surface the pressure is 2 .I
c

 Pressure is force per unit area, and net .F ma=  The 

mass of the sail is its volume V times its density .ρ  The area of the sail is 2,rπ  with 4 5 m.r = .  Its volume 

is 2 ,r tπ  where 67.5 10  mt −= ×  is its thickness. 
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EXECUTE:   (a) 
2

2 4
8

2 2(1400 W/m ) (4.5 m) 5.9 10  N.
3.00 10  m/s

IF A
c

π −⎛ ⎞= = = ×⎜ ⎟ ×⎝ ⎠
 

(b) 3 3 2 6(1.74 10  kg/m ) (4.5 m) (7.5 10  m) 0.83 kg.m Vρ π −= = × × =  
4

4 25.9 10  N 7.1 10  m/s .
0.83 kg

Fa
m

−
−×= = = ×  

(c) With this acceleration it would take the sail 61 4 10  s 16 days. × =  to reach a speed of 1 km/s. This 
would be useful only in specialized applications. The acceleration could be increased by decreasing the 
mass of the sail, either by reducing its density or its thickness. 
EVALUATE:   The calculation assumed the only force on the sail is that due to the radiation pressure. The 
sun would also exert a gravitational force on the sail, which could be significant. 

 32.31. IDENTIFY:   The nodal and antinodal planes are each spaced one-half wavelength apart. 
SET UP:   1

22  wavelengths fit in the oven, so ( )1
22 ,Lλ =  and the frequency of these waves obeys the 

equation .f cλ =  

EXECUTE:   (a) Since ( )1
22 ,Lλ =  we have (5/2)(12.2 cm) 30.5 cm.L = =  

(b) Solving for the frequency gives 8 9/ (3.00 10  m/s)/(0.122 m) 2.46 10  Hz.f c λ= = × = ×  

(c) ( )1
235.5 cm in this case. 2 , so 2 /5 2(35.5 cm)/5 14.2 cm.L L Lλ λ= = = = =  

8 9/ (3.00 10  m/s)/(0.142 m) 2.11 10  Hzf c λ= = × = ×  

EVALUATE:   Since microwaves have a reasonably large wavelength, microwave ovens can have a 
convenient size for household kitchens. Ovens using radiowaves would need to be far too large, while 
ovens using visible light would have to be microscopic. 

 32.32. IDENTIFY:   The electric field at the nodes is zero, so there is no force on a point charge placed at a node. 
SET UP:   The location of the nodes is given by Eq. (32.36), where x is the distance from one of the planes. 

/ .c fλ =  

EXECUTE:   
8

nodes 8
3 00 10 m/s 0 200 m 20 0 cm.

2 2 2(7 50 10 Hz)
cx
f

λ . ×∆ = = = = . = .
. ×

 There must be nodes at the planes, 

which are 80.0 cm apart, and there are two nodes between the planes, each 20.0 cm from a plane. It is at  
20 cm, 40 cm, and 60 cm from one plane that a point charge will remain at rest, since the electric fields 
there are zero. 
EVALUATE:   The magnetic field amplitude at these points isn’t zero, but the magnetic field doesn’t exert a 
force on a stationary charge. 

 32.33. IDENTIFY and SET UP:   Apply Eqs. (32.36) and (32.37). 
EXECUTE:   (a) By Eq. (32.37) we see that the nodal planes of the B

G
 field are a distance /2λ  apart, so 

/2 3 55 mmλ = .  and 7 10 mm.λ = .  
(b) By Eq. (32.36) we see that the nodal planes of the E

G
 field are also a distance /2 3 55 mmλ = .  apart. 

(c) 10 3 8(2 20 10  Hz)(7 10 10  m) 1 56 10  m/s.v f λ −= = . × . × = . ×  

EVALUATE:   The spacing between the nodes of E
G

 is the same as the spacing between the nodes of .B
G

 
Note that ,v c<  as it must. 

 32.34. IDENTIFY:   The nodal planes of E
G

 and B
G

 are located by Eqs. (32.26) and (32.27). 

SET UP:   
8

6
3 00 10  m/s 4 00 m
75 0 10  Hz

c
f

λ . ×= = = .
. ×

 

EXECUTE:   (a) 2 00 m.
2

x λ∆ = = .  

(b) The distance between the electric and magnetic nodal planes is one-quarter of a wavelength, so is 
2 00 m 1 00 m.

4 2 2
xλ ∆ .= = = .  
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carrying a 200-W flashlight. You turn on the flashlight and use its
beam as a “light rocket” to push yourself back toward the ship. 
(a) If you, your spacesuit, and the flashlight have a combined mass
of 150 kg, how long will it take you to get back to the ship? (b) Is
there another way you could use the flashlight to accomplish the
same job of returning you to the ship?
32.52 . The 19th-century inventor Nikola Tesla proposed to
transmit electric power via sinusoidal electromagnetic waves. Sup-
pose power is to be transmitted in a beam of cross-sectional area

What electric- and magnetic-field amplitudes are required
to transmit an amount of power comparable to that handled by
modern transmission lines (that carry voltages and currents of the
order of 500 kV and 1000 A)?
32.53 .. CP Global Positioning System (GPS). The GPS net-
work consists of 24 satellites, each of which makes two orbits
around the earth per day. Each satellite transmits a 50.0-W (or even
less) sinusoidal electromagnetic signal at two frequencies, one of
which is 1575.42 MHz. Assume that a satellite transmits half of its
power at each frequency and that the waves travel uniformly in a
downward hemisphere. (a) What average intensity does a GPS
receiver on the ground, directly below the satellite, receive? (Hint:
First use Newton’s laws to find the altitude of the satellite.) 
(b) What are the amplitudes of the electric and magnetic fields at
the GPS receiver in part (a), and how long does it take the signal to
reach the receiver? (c) If the receiver is a square panel 1.50 cm on
a side that absorbs all of the beam, what average pressure does the
signal exert on it? (d) What wavelength must the receiver be tuned
to?
32.54 .. CP Solar Sail 2. NASA is giving serious consideration
to the concept of solar sailing. A solar sailcraft uses a large, low-
mass sail and the energy and momentum of sunlight for propul-
sion. (a) Should the sail be absorbing or reflective? Why? (b) The
total power output of the sun is How large a sail is
necessary to propel a 10,000-kg spacecraft against the gravita-
tional force of the sun? Express your result in square kilometers.
(c) Explain why your answer to part (b) is independent of the dis-
tance from the sun.
32.55 .. CP Interplanetary space contains many small particles
referred to as interplanetary dust. Radiation pressure from the sun
sets a lower limit on the size of such dust particles. To see the ori-
gin of this limit, consider a spherical dust particle of radius R and
mass density (a) Write an expression for the gravitational force
exerted on this particle by the sun (mass M) when the particle is a
distance r from the sun. (b) Let L represent the luminosity of the
sun, equal to the rate at which it emits energy in electromagnetic
radiation. Find the force exerted on the (totally absorbing) particle
due to solar radiation pressure, remembering that the intensity of
the sun’s radiation also depends on the distance r. The relevant
area is the cross-sectional area of the particle, not the total surface
area of the particle. As part of your answer, explain why this is so.
(c) The mass density of a typical interplanetary dust particle is
about Find the particle radius R such that the gravita-
tional and radiation forces acting on the particle are equal in mag-
nitude. The luminosity of the sun is Does your
answer depend on the distance of the particle from the sun? Why
or why not? (d) Explain why dust particles with a radius less than

3.9 * 1026 W.

3000 kg>m3.

r.

3.9 * 1026 W.

100 m2.

that found in part (c) are unlikely to be found in the solar system.
[Hint: Construct the ratio of the two force expressions found in
parts (a) and (b).]

CHALLENGE PROBLEMS
32.56 ... CALC Electromagnetic waves propagate much differ-
ently in conductors than they do in dielectrics or in vacuum. If the
resistivity of the conductor is sufficiently low (that is, if it is a suf-
ficiently good conductor), the oscillating electric field of the wave
gives rise to an oscillating conduction current that is much larger
than the displacement current. In this case, the wave equation for an
electric field propagating in the 
within a conductor is

where is the permeability of the conductor and is its resistivity.
(a) A solution to this wave equation is

where Verify this by substituting into the
above wave equation. (b) The exponential term shows that the elec-
tric field decreases in amplitude as it propagates. Explain why this
happens. (Hint: The field does work to move charges within the con-
ductor. The current of these moving charges causes heating
within the conductor, raising its temperature. Where does the energy
to do this come from?) (c) Show that the electric-field amplitude
decreases by a factor of in a distance and cal-
culate this distance for a radio wave with frequency 
in copper (resistivity permeability 
Since this distance is so short, electromagnetic waves of this fre-
quency can hardly propagate at all into copper. Instead, they are
reflected at the surface of the metal. This is why radio waves can-
not penetrate through copper or other metals, and why radio recep-
tion is poor inside a metal structure.
32.57 ... CP Electromagnetic radiation is emitted by accelerat-
ing charges. The rate at which energy is emitted from an accelerat-
ing charge that has charge q and acceleration a is given by

where c is the speed of light. (a) Verify that this equation is dimen-
sionally correct. (b) If a proton with a kinetic energy of 6.0 MeV is
traveling in a particle accelerator in a circular orbit of radius 0.750 m,
what fraction of its energy does it radiate per second? (c) Consider
an electron orbiting with the same speed and radius. What fraction
of its energy does it radiate per second?
32.58 ... CP The Classical Hydrogen Atom. The electron in a
hydrogen atom can be considered to be in a circular orbit with a
radius of 0.0529 nm and a kinetic energy of 13.6 eV. If the electron
behaved classically, how much energy would it radiate per second
(see Challenge Problem 32.57)? What does this tell you about the
use of classical physics in describing the atom?

dE
dt

=
q2a2

6pP0c3

m = m02.1.72 * 10-8 Æ # m;
1.0 MHzƒ =

22r>vm,1>kC =1>e
i2R
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carrying a 200-W flashlight. You turn on the flashlight and use its
beam as a “light rocket” to push yourself back toward the ship. 
(a) If you, your spacesuit, and the flashlight have a combined mass
of 150 kg, how long will it take you to get back to the ship? (b) Is
there another way you could use the flashlight to accomplish the
same job of returning you to the ship?
32.52 . The 19th-century inventor Nikola Tesla proposed to
transmit electric power via sinusoidal electromagnetic waves. Sup-
pose power is to be transmitted in a beam of cross-sectional area

What electric- and magnetic-field amplitudes are required
to transmit an amount of power comparable to that handled by
modern transmission lines (that carry voltages and currents of the
order of 500 kV and 1000 A)?
32.53 .. CP Global Positioning System (GPS). The GPS net-
work consists of 24 satellites, each of which makes two orbits
around the earth per day. Each satellite transmits a 50.0-W (or even
less) sinusoidal electromagnetic signal at two frequencies, one of
which is 1575.42 MHz. Assume that a satellite transmits half of its
power at each frequency and that the waves travel uniformly in a
downward hemisphere. (a) What average intensity does a GPS
receiver on the ground, directly below the satellite, receive? (Hint:
First use Newton’s laws to find the altitude of the satellite.) 
(b) What are the amplitudes of the electric and magnetic fields at
the GPS receiver in part (a), and how long does it take the signal to
reach the receiver? (c) If the receiver is a square panel 1.50 cm on
a side that absorbs all of the beam, what average pressure does the
signal exert on it? (d) What wavelength must the receiver be tuned
to?
32.54 .. CP Solar Sail 2. NASA is giving serious consideration
to the concept of solar sailing. A solar sailcraft uses a large, low-
mass sail and the energy and momentum of sunlight for propul-
sion. (a) Should the sail be absorbing or reflective? Why? (b) The
total power output of the sun is How large a sail is
necessary to propel a 10,000-kg spacecraft against the gravita-
tional force of the sun? Express your result in square kilometers.
(c) Explain why your answer to part (b) is independent of the dis-
tance from the sun.
32.55 .. CP Interplanetary space contains many small particles
referred to as interplanetary dust. Radiation pressure from the sun
sets a lower limit on the size of such dust particles. To see the ori-
gin of this limit, consider a spherical dust particle of radius R and
mass density (a) Write an expression for the gravitational force
exerted on this particle by the sun (mass M) when the particle is a
distance r from the sun. (b) Let L represent the luminosity of the
sun, equal to the rate at which it emits energy in electromagnetic
radiation. Find the force exerted on the (totally absorbing) particle
due to solar radiation pressure, remembering that the intensity of
the sun’s radiation also depends on the distance r. The relevant
area is the cross-sectional area of the particle, not the total surface
area of the particle. As part of your answer, explain why this is so.
(c) The mass density of a typical interplanetary dust particle is
about Find the particle radius R such that the gravita-
tional and radiation forces acting on the particle are equal in mag-
nitude. The luminosity of the sun is Does your
answer depend on the distance of the particle from the sun? Why
or why not? (d) Explain why dust particles with a radius less than

3.9 * 1026 W.

3000 kg>m3.

r.

3.9 * 1026 W.

100 m2.

that found in part (c) are unlikely to be found in the solar system.
[Hint: Construct the ratio of the two force expressions found in
parts (a) and (b).]

CHALLENGE PROBLEMS
32.56 ... CALC Electromagnetic waves propagate much differ-
ently in conductors than they do in dielectrics or in vacuum. If the
resistivity of the conductor is sufficiently low (that is, if it is a suf-
ficiently good conductor), the oscillating electric field of the wave
gives rise to an oscillating conduction current that is much larger
than the displacement current. In this case, the wave equation for an
electric field propagating in the 
within a conductor is

where is the permeability of the conductor and is its resistivity.
(a) A solution to this wave equation is

where Verify this by substituting into the
above wave equation. (b) The exponential term shows that the elec-
tric field decreases in amplitude as it propagates. Explain why this
happens. (Hint: The field does work to move charges within the con-
ductor. The current of these moving charges causes heating
within the conductor, raising its temperature. Where does the energy
to do this come from?) (c) Show that the electric-field amplitude
decreases by a factor of in a distance and cal-
culate this distance for a radio wave with frequency 
in copper (resistivity permeability 
Since this distance is so short, electromagnetic waves of this fre-
quency can hardly propagate at all into copper. Instead, they are
reflected at the surface of the metal. This is why radio waves can-
not penetrate through copper or other metals, and why radio recep-
tion is poor inside a metal structure.
32.57 ... CP Electromagnetic radiation is emitted by accelerat-
ing charges. The rate at which energy is emitted from an accelerat-
ing charge that has charge q and acceleration a is given by

where c is the speed of light. (a) Verify that this equation is dimen-
sionally correct. (b) If a proton with a kinetic energy of 6.0 MeV is
traveling in a particle accelerator in a circular orbit of radius 0.750 m,
what fraction of its energy does it radiate per second? (c) Consider
an electron orbiting with the same speed and radius. What fraction
of its energy does it radiate per second?
32.58 ... CP The Classical Hydrogen Atom. The electron in a
hydrogen atom can be considered to be in a circular orbit with a
radius of 0.0529 nm and a kinetic energy of 13.6 eV. If the electron
behaved classically, how much energy would it radiate per second
(see Challenge Problem 32.57)? What does this tell you about the
use of classical physics in describing the atom?
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EXECUTE:   (a) The period of the orbit is 12 hr. Applying Newton’s second law to the satellite gives 

2 2/ / ,mv r GmM r=  which gives 
2

2
(2 / ) .m r T GmM
r r

π =  Solving for r, we get 

1/3 1/32 11 2 2 24 2
7

2 2
(6 67 10  N m /kg )(5 97 10  kg)(12 3600 s) 2 66 10  m

4 4
GMTr

π π

−⎛ ⎞ ⎡ ⎤. × ⋅ . × ×= = = . ×⎜ ⎟ ⎢ ⎥⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦
 

The height above the surface is 7 6 72.66 10  m – 6.38 10  m 2.02 10  m.h = × × = ×  The satellite only radiates 
its energy to the lower hemisphere, so the area is 1/2 that of a sphere. Thus, from the definition of intensity, 
the intensity at the ground is 

2 7 2 15 2
av av/ /(2 ) (25.0 W)/[2 (2.02 10 m) ] 9.75 10 W/mI P A P hπ π −= = = × = ×   

(b) 21
av 0 max2 ,I S cE= = !  so 

15 2
6

max 12 2 2 8
0

2 2(9 75 10 W/m ) 2 71 10  N/C
(8 85 10 C /N m )(3 00 10 m/s)

IE
c

−
−

−
. ×= = = . ×

. × ⋅ . ×!
 

6 8 15
max max / (2 71 10  N/C)/(3 00 10  m/s) 9 03 10  TB E c − −= = . × . × = . ×  

7 8/ (2 02 10  m)/(3 00 10  m/s) 0 0673 st d c= = . × . × = .  

(c) –15 2 8 –23
rad /c (9.75 10 W/m )/(3.00 10 m/s) 3.25 10 Pap I= = × × = ×  

(d) 8 6/ (3.00 10 m/s)/(1575.42 10 Hz) 0.190 mc fλ = = × × =  
EVALUATE:    The fields and pressures due to these waves are very small compared to typical laboratory 
quantities. 

 32.54. IDENTIFY:   For a totally reflective surface the radiation pressure is 2 .I
c

 Find the force due to this pressure 

and express the force in terms of the power output P of the sun. The gravitational force of the sun is 
sun

g 2 .mMF G
r

=  

SET UP:   The mass of the sun is 30
sun 1 99 10  kg.M = . ×  11 2 26 67 10  N m /kg .G −= . × ⋅  

EXECUTE:   (a) The sail should be reflective, to produce the maximum radiation pressure. 

(b) rad
2 ,IF A
c

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 where A is the area of the sail. 2 ,
4
PI
rπ

=  where r is the distance of the sail from the 

sun. rad rad g2 2
2

4 2
A P PAF F F
c r r cπ π

⎛ ⎞⎛ ⎞= = ⋅ =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 so sun
2 2 .

2
PA mMG
r c rπ

=  

8 11 2 2 30
sun

26
2 2 (3 00 10  m/s)(6 67 10  N m /kg )(10 000 kg)(1 99 10  kg) .

3 9 10  W
cGmM ,A
P

π π −. × . × ⋅ . ×= =
. ×

 

6 2 26 42 10  m 6 42 km .A = . × = .  
(c) Both the gravitational force and the radiation pressure are inversely proportional to the square of the 
distance from the sun, so this distance divides out when we set rad g.F F=  
EVALUATE:   A very large sail is needed, just to overcome the gravitational pull of the sun. 

 32.55. IDENTIFY and SET UP:   The gravitational force is given by Eq. (13.2). Express the mass of the particle in 
terms of its density and volume. The radiation pressure is given by Eq. (32.32); relate the power output L 
of the sun to the intensity at a distance r. The radiation force is the pressure times the cross-sectional area 
of the particle. 

EXECUTE:   (a) The gravitational force is g 2 .mMF G
r

=  The mass of the dust particle is 34
3 .m V Rρ ρ π= =  

Thus 
3

g 2
4 .

3
G MRF
r

ρ π=  
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(b) For a totally absorbing surface rad .Ip
c

=  If L is the power output of the sun, the intensity of the solar 

radiation a distance r from the sun is 2 .
4
LI
rπ

=  Thus rad 2 .
4
Lp
crπ

=  The force radF  that corresponds to 

radp  is in the direction of propagation of the radiation, so rad rad ,F p A⊥=  where 2A Rπ⊥ =  is the 
component of area of the particle perpendicular to the radiation direction. Thus 

2
2

rad 2 2( ) .
4 4
L LRF R
cr cr

π
π

⎛ ⎞= =⎜ ⎟
⎝ ⎠

 

(c) radgF F=  
3 2

2 2
4

3 4
G MR LR
r cr

ρ π =  

4 3 and 
3 4 16
G M L LR R

c c G M
ρ π

ρ π
⎛ ⎞ = =⎜ ⎟
⎝ ⎠

 

26

8 3 11 2 2 30
3(3 9 10  W)

16(2 998 10  m/s)(3000 kg/m )(6 673 10  N m / kg ) (1 99 10  kg)
R

π−
. ×=

. × . × ⋅ . ×
 

71 9 10  m 0 19 m.R µ−= . × = .   

EVALUATE:   The gravitational force and the radiation force both have a 2r−  dependence on the distance 
from the sun, so this distance divides out in the calculation of R. 

(d) 
2 2

rad
rad2 3

g

3 3 .
164 4

F LR r L F
F c G MRcr G mR ρ πρ π

⎛ ⎞⎛ ⎞
= =⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 is proportional to 2R  and gF  is proportional to 3,R  

so this ratio is proportional to 1/ .R  If 0 20 mR µ< .   then rad gF F>  and the radiation force will drive the 
particles out of the solar system. 

 32.56. IDENTIFY and SET UP:   Follow the steps specified in the problem. 
EXECUTE:   (a) C

max C( , ) cos ( ).k x
yE x t E e k x tω−= −  

C C
C C C Cmax max( ) cos( ) ( ) sin( )y k x k xE

E k e k x t E k e k x t
x

ω ω− −∂
= − − + − −

∂
 

C C
C C C C

C C
C C C C

C C
C C C

2 2

2 2

2

2

max max2

max max
2

max max2

( ) cos( ) ( ) sin( )

( ) sin( ) ( ) cos( ).

2 cos( ). sin( ).

y k x k x

k x k x

y yk x k x

E
E k e k x t E k e k x t

x
E k e k x t E k e k x t

E E
E k e k x t E e k x t

tx

ω ω

ω ω

ω ω ω

− −

− −

− −

∂
= + − + + −

∂
+ + − + − −

∂ ∂
= − − = − −

∂∂

  

Setting 
2

2
y yE E

tx

µ
ρ

∂ ∂
=

∂∂
 gives C C

C C C
2

max max2 sin( ) / sin( ).k x k xE k e k x t pE e k x tω µ ω ω− −− = −  This will only be 

true if 
2
C2 ,k µ

ω ρ
=  or C .

2
k ωµ

ρ
=  

(b) The energy in the wave is dissipated by the 2i R  heating of the conductor. 

(c) C
C

8
0 5

6
0

1 2 2(1 72 10 m)1, 6 60 10 m.
2 (1 0 10 Hz)

y
y
E

E k x x
e k

ρ
ωµ π µ

−
−. × Ω ⋅= ⇒ =  = = = = . ×

. ×
 

EVALUATE:   The lower the frequency of the waves, the greater is the distance they can penetrate into a 
conductor. A dielectric (insulator) has a much larger resistivity and these waves can penetrate a greater 
distance in these materials. 
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carrying a 200-W flashlight. You turn on the flashlight and use its
beam as a “light rocket” to push yourself back toward the ship. 
(a) If you, your spacesuit, and the flashlight have a combined mass
of 150 kg, how long will it take you to get back to the ship? (b) Is
there another way you could use the flashlight to accomplish the
same job of returning you to the ship?
32.52 . The 19th-century inventor Nikola Tesla proposed to
transmit electric power via sinusoidal electromagnetic waves. Sup-
pose power is to be transmitted in a beam of cross-sectional area

What electric- and magnetic-field amplitudes are required
to transmit an amount of power comparable to that handled by
modern transmission lines (that carry voltages and currents of the
order of 500 kV and 1000 A)?
32.53 .. CP Global Positioning System (GPS). The GPS net-
work consists of 24 satellites, each of which makes two orbits
around the earth per day. Each satellite transmits a 50.0-W (or even
less) sinusoidal electromagnetic signal at two frequencies, one of
which is 1575.42 MHz. Assume that a satellite transmits half of its
power at each frequency and that the waves travel uniformly in a
downward hemisphere. (a) What average intensity does a GPS
receiver on the ground, directly below the satellite, receive? (Hint:
First use Newton’s laws to find the altitude of the satellite.) 
(b) What are the amplitudes of the electric and magnetic fields at
the GPS receiver in part (a), and how long does it take the signal to
reach the receiver? (c) If the receiver is a square panel 1.50 cm on
a side that absorbs all of the beam, what average pressure does the
signal exert on it? (d) What wavelength must the receiver be tuned
to?
32.54 .. CP Solar Sail 2. NASA is giving serious consideration
to the concept of solar sailing. A solar sailcraft uses a large, low-
mass sail and the energy and momentum of sunlight for propul-
sion. (a) Should the sail be absorbing or reflective? Why? (b) The
total power output of the sun is How large a sail is
necessary to propel a 10,000-kg spacecraft against the gravita-
tional force of the sun? Express your result in square kilometers.
(c) Explain why your answer to part (b) is independent of the dis-
tance from the sun.
32.55 .. CP Interplanetary space contains many small particles
referred to as interplanetary dust. Radiation pressure from the sun
sets a lower limit on the size of such dust particles. To see the ori-
gin of this limit, consider a spherical dust particle of radius R and
mass density (a) Write an expression for the gravitational force
exerted on this particle by the sun (mass M) when the particle is a
distance r from the sun. (b) Let L represent the luminosity of the
sun, equal to the rate at which it emits energy in electromagnetic
radiation. Find the force exerted on the (totally absorbing) particle
due to solar radiation pressure, remembering that the intensity of
the sun’s radiation also depends on the distance r. The relevant
area is the cross-sectional area of the particle, not the total surface
area of the particle. As part of your answer, explain why this is so.
(c) The mass density of a typical interplanetary dust particle is
about Find the particle radius R such that the gravita-
tional and radiation forces acting on the particle are equal in mag-
nitude. The luminosity of the sun is Does your
answer depend on the distance of the particle from the sun? Why
or why not? (d) Explain why dust particles with a radius less than

3.9 * 1026 W.

3000 kg>m3.

r.

3.9 * 1026 W.

100 m2.

that found in part (c) are unlikely to be found in the solar system.
[Hint: Construct the ratio of the two force expressions found in
parts (a) and (b).]

CHALLENGE PROBLEMS
32.56 ... CALC Electromagnetic waves propagate much differ-
ently in conductors than they do in dielectrics or in vacuum. If the
resistivity of the conductor is sufficiently low (that is, if it is a suf-
ficiently good conductor), the oscillating electric field of the wave
gives rise to an oscillating conduction current that is much larger
than the displacement current. In this case, the wave equation for an
electric field propagating in the 
within a conductor is

where is the permeability of the conductor and is its resistivity.
(a) A solution to this wave equation is

where Verify this by substituting into the
above wave equation. (b) The exponential term shows that the elec-
tric field decreases in amplitude as it propagates. Explain why this
happens. (Hint: The field does work to move charges within the con-
ductor. The current of these moving charges causes heating
within the conductor, raising its temperature. Where does the energy
to do this come from?) (c) Show that the electric-field amplitude
decreases by a factor of in a distance and cal-
culate this distance for a radio wave with frequency 
in copper (resistivity permeability 
Since this distance is so short, electromagnetic waves of this fre-
quency can hardly propagate at all into copper. Instead, they are
reflected at the surface of the metal. This is why radio waves can-
not penetrate through copper or other metals, and why radio recep-
tion is poor inside a metal structure.
32.57 ... CP Electromagnetic radiation is emitted by accelerat-
ing charges. The rate at which energy is emitted from an accelerat-
ing charge that has charge q and acceleration a is given by

where c is the speed of light. (a) Verify that this equation is dimen-
sionally correct. (b) If a proton with a kinetic energy of 6.0 MeV is
traveling in a particle accelerator in a circular orbit of radius 0.750 m,
what fraction of its energy does it radiate per second? (c) Consider
an electron orbiting with the same speed and radius. What fraction
of its energy does it radiate per second?
32.58 ... CP The Classical Hydrogen Atom. The electron in a
hydrogen atom can be considered to be in a circular orbit with a
radius of 0.0529 nm and a kinetic energy of 13.6 eV. If the electron
behaved classically, how much energy would it radiate per second
(see Challenge Problem 32.57)? What does this tell you about the
use of classical physics in describing the atom?

dE
dt

=
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 32.57. IDENTIFY:   The orbiting particle has acceleration 
2

.va
R

=  

SET UP:   21
2 .K mv=  An electron has mass 31

e 9 11 10  kgm −= . ×  and a proton has mass 
27

p 1 67 10  kg.m −= . ×  

EXECUTE:   (a) 
2 2 2 2 2

3 2 2 3
0

C (m/s ) N m J W .
s s6 (C /N m )(m/s)

q a dE
dtcπ

⎡ ⎤ ⋅ ⎡ ⎤= = = = =⎢ ⎥ ⎢ ⎥⋅ ⎣ ⎦⎢ ⎥⎣ ⎦!
 

(b) For a proton moving in a circle, the acceleration is 
212 6 19

15 22
1 27
2

2(6 00 10 eV)(1 6 10 J/eV) 1 53 10 m/s .
(1 67 10 kg)(0 75 m)

mvva
R mR

−

−
. × . ×= = = = . ×

. × .
 The rate at which it emits energy 

because of its acceleration is 
2 2 19 2 15 2 2

23 5
3 8 3

0 0

(1 6 10  C) (1 53 10 m/s ) 1 33 10 J/s 8 32 10 eV/s.
6 6 (3 0 10 m/s)

dE q a
dt cπ π

−
− −. × . ×  = = = . ×  = . ×  

. ×  ! !
 

Therefore, the fraction of its energy that it radiates every second is 
5

11
6

( / )(1s) 8 32 10 eV 1 39 10 .
6 00 10 eV

dE dt
E

−
−. ×= = . ×

. ×
 

(c) Carry out the same calculations as in part (b), but now for an electron at the same speed and radius. 
That means the electron’s acceleration is the same as the proton, and thus so is the rate at which it emits 
energy, since they also have the same charge. However, the electron’s initial energy differs from the 

proton’s by the ratio of their masses: 
31

6e
e p 27

p

(9 11 10 kg)(6 00 10 eV) 3273 eV.
(1 67 10 kg)

mE E
m

−

−
. ×= = . × =
. ×

 Therefore, 

the fraction of its energy that it radiates every second is 
5

8( / )(1s) 8 32 10 eV 2 54 10 .
3273 eV

dE dt
E

−
−. ×= = . ×  

EVALUATE:   The proton has speed 
6 19

7
27

p

2 2(6 0 10  eV)(1 60 10  J/eV) 3 39 10  m/s.
1 67 10  kg

Ev
m

−

−
. × . ×= = = . ×

. ×
 The 

electron has the same speed and kinetic energy 3.27 keV. The particles in the accelerator radiate at a much 
smaller rate than the electron in Problem 32.58 does, because in the accelerator the orbit radius is very 
much larger than in the atom, so the acceleration is much less. 

 32.58. IDENTIFY:   The electron has acceleration 
2

.va
R

=  

SET UP:   191 eV 1 60 10  C.−= . ×  An electron has 191 60 10  C.q e −= = . ×  
EXECUTE:   For the electron in the classical hydrogen atom, its acceleration is 

212 19
22 22

1 31 11
2

2(13 6 eV)(1 60 10 J/eV) 9 03 10 m/s .
(9 11 10 kg)(5 29 10 m)

mvva
R mR

−

− −
. . ×= = = = . ×

. × . ×
 Then using the formula for the rate 

of energy emission given in Problem 32.57: 
2 2 19 2 22 2 2

8 11
3 8 3

0 0

(1 60 10  C) (9 03 10 m/s ) 4 64 10 J/s 2 89 10 eV/s.
6 6 (3 00 10 m/s)

dE q a
dt cπ π

−
−. × . ×  = = = . ×  = . ×  

. ×  ! !
 This large value of 

dE
dt

 would mean that the electron would almost immediately lose all its energy! 

EVALUATE:   The classical physics result in Problem 32.57 must not apply to electrons in atoms.
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 32.57. IDENTIFY:   The orbiting particle has acceleration 
2

.va
R

=  

SET UP:   21
2 .K mv=  An electron has mass 31

e 9 11 10  kgm −= . ×  and a proton has mass 
27

p 1 67 10  kg.m −= . ×  

EXECUTE:   (a) 
2 2 2 2 2

3 2 2 3
0

C (m/s ) N m J W .
s s6 (C /N m )(m/s)

q a dE
dtcπ

⎡ ⎤ ⋅ ⎡ ⎤= = = = =⎢ ⎥ ⎢ ⎥⋅ ⎣ ⎦⎢ ⎥⎣ ⎦!
 

(b) For a proton moving in a circle, the acceleration is 
212 6 19

15 22
1 27
2

2(6 00 10 eV)(1 6 10 J/eV) 1 53 10 m/s .
(1 67 10 kg)(0 75 m)

mvva
R mR

−

−
. × . ×= = = = . ×

. × .
 The rate at which it emits energy 

because of its acceleration is 
2 2 19 2 15 2 2

23 5
3 8 3

0 0

(1 6 10  C) (1 53 10 m/s ) 1 33 10 J/s 8 32 10 eV/s.
6 6 (3 0 10 m/s)

dE q a
dt cπ π

−
− −. × . ×  = = = . ×  = . ×  

. ×  ! !
 

Therefore, the fraction of its energy that it radiates every second is 
5

11
6

( / )(1s) 8 32 10 eV 1 39 10 .
6 00 10 eV

dE dt
E

−
−. ×= = . ×

. ×
 

(c) Carry out the same calculations as in part (b), but now for an electron at the same speed and radius. 
That means the electron’s acceleration is the same as the proton, and thus so is the rate at which it emits 
energy, since they also have the same charge. However, the electron’s initial energy differs from the 

proton’s by the ratio of their masses: 
31

6e
e p 27

p

(9 11 10 kg)(6 00 10 eV) 3273 eV.
(1 67 10 kg)

mE E
m

−

−
. ×= = . × =
. ×

 Therefore, 

the fraction of its energy that it radiates every second is 
5

8( / )(1s) 8 32 10 eV 2 54 10 .
3273 eV

dE dt
E

−
−. ×= = . ×  

EVALUATE:   The proton has speed 
6 19

7
27

p

2 2(6 0 10  eV)(1 60 10  J/eV) 3 39 10  m/s.
1 67 10  kg

Ev
m

−

−
. × . ×= = = . ×

. ×
 The 

electron has the same speed and kinetic energy 3.27 keV. The particles in the accelerator radiate at a much 
smaller rate than the electron in Problem 32.58 does, because in the accelerator the orbit radius is very 
much larger than in the atom, so the acceleration is much less. 

 32.58. IDENTIFY:   The electron has acceleration 
2

.va
R

=  

SET UP:   191 eV 1 60 10  C.−= . ×  An electron has 191 60 10  C.q e −= = . ×  
EXECUTE:   For the electron in the classical hydrogen atom, its acceleration is 

212 19
22 22

1 31 11
2

2(13 6 eV)(1 60 10 J/eV) 9 03 10 m/s .
(9 11 10 kg)(5 29 10 m)

mvva
R mR

−

− −
. . ×= = = = . ×

. × . ×
 Then using the formula for the rate 

of energy emission given in Problem 32.57: 
2 2 19 2 22 2 2

8 11
3 8 3

0 0

(1 60 10  C) (9 03 10 m/s ) 4 64 10 J/s 2 89 10 eV/s.
6 6 (3 00 10 m/s)

dE q a
dt cπ π

−
−. × . ×  = = = . ×  = . ×  

. ×  ! !
 This large value of 

dE
dt

 would mean that the electron would almost immediately lose all its energy! 

EVALUATE:   The classical physics result in Problem 32.57 must not apply to electrons in atoms.
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(33.42-T) A ray of light travelling in air is incident at angle ✓
a

on one face of a 90� prism made of glass. Part of
the light refracts into the prism and strikes the opposite face at point A. If the ray at A is at the critical angle, what
is the values of ✓

a

?

(33.44-T) After a long day of driving you take a late-night swim in a motel swimming pool. When you go
to your room, you realise that you have lost your room key in the pool. You borrow a powerful flashlight and walk
around the pool, shining the light into it. The light shines on the key, which is lying on the bottom of the pool, when
the flashlight is held 1.2m above the water surface and is directed at the surface a horizontal distance of 1.5m from
the edge. If the water here is 4.0 m deep, how far is the key from the edge of the pool?

(33.46-T) Optical fibres are constructed with a cylindrical core surrounded by a sheath of cladding material.
Common materials used are pure silica (n2 = 1.45) for the cladding and silica doped with germanium (n1 = 1.465)
for the core. (a) What is the critical angle ✓dirt for light traveling in the core and reflecting at the interface
with the cladding material? (b) The numerical aperture (NA) is defined as the angle of incidence ✓

i

at the flat
end of the cable for which light is incident on the core-cladding interfaced at angle ✓crit. Show that sin ✓

i

=
p

n2
1 � n2

2.
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EXECUTE:    For glass air→  at point A, Snell’s law gives crit(1 37)sin (1 00)sin90θ. = . °  and crit 46 9 .θ = . °  

crit90 43 1 .bθ θ= °− = . °  Snell’s law applied to the refraction from air to glass at the top of the block gives 

(1 00)sin (1 37)sin(43 1 )aθ. = . . °  and 69.5 .aθ = °  

EVALUATE:    If aθ  is larger than 69.5°  then the angle of incidence at point A is less than the initial 
critical angle and total internal reflection doesn’t occur. 

 
Figure 33.39 

 33.40. IDENTIFY:    As the light crosses the glass-air interface along AB, it is refracted and obeys Snell’s law. 
SET UP:    Snell’s law is a bsin  sin  and 1.000a bn n nθ θ= =  for air. At point B the angle of the prism  
is 35 0 .. °  
EXECUTE:    Apply Snell’s law at AB. The prism angle at A is 55.0°, so for the upper ray, the angle of 
refraction at AB is 55.0 12.0 67.0 .° + ° = °  Using this value gives 1sin55.0 sin72.0n ° = °  and 1 1.16.n =   
For the lower ray, the angle of refraction at AB is 55.0 12.0 8.50 75.5 ,° + ° + ° = °  giving 

2 2sin 55.0 sin 75.5  and 1.18.n n° = ° =  
EVALUATE:    The lower ray is deflected more than the upper ray because that wavelength has a slightly 
greater index of refraction than the upper ray. 

 33.41. IDENTIFY:    For total internal reflection, the angle of incidence must be at least as large as the critical 
angle. 
SET UP:    The angle of incidence for the glass-oil interface must be the critical angle, so 90 .bθ = °  

sin sin .a a b bn nθ θ=  

EXECUTE:    sin sina a b bn nθ θ=  gives oil(1 52)sin57 2 sin90n. . ° = °.  oil (1 52)sin57 2 1 28.n = . . ° = .  

EVALUATE:    oil 1,n >  which it must be, and 1.28 is a reasonable value for an oil. 
 33.42. IDENTIFY:    Because the prism is a right-angle prism, the normals at point A and at surface BC are 

perpendicular to each other (see Figure 33.42). Therefore the angle of incidence at A is 50.0°, and this is 
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the critical angle at that surface. Apply Snell’s law at A and at surface BC. For light incident at the critical 
angle, the angle of refraction is 90°. 

 
Figure 33.42 
 
SET UP:    Apply Snell’s law: sin sin .a a b bn nθ θ=  Use n = 1.00 for air, and let n be the index of refraction 
of the glass. 
EXECUTE:   Apply Snell’s law at point A. 
n sin(50.0°) = (1.00) sin(90°) = 1.00. 
n = 1.305. 
Now apply Snell’s law at surface BC. 
(1.00) sinθ  = (1.305) sin(40.0°). 
θ = 57.0°. 
EVALUATE:   The critical angle at A would not be 50.0° if the prism were not a right-angle prism.  

 33.43. IDENTIFY:    Apply 0 .
n
λ

λ =  The number of wavelengths in a distance d of a material is 
d
λ

 where λ  is 

the wavelength in the material. 
SET UP:    The distance in glass is glass 0 00265 m.d = .  The distance in air is 

air 0 0130 m 0 00265 m 0 01035 m.d = . − . = .  
EXECUTE:    number of wavelengths =  number in air +  number in glass. 

glass 4air
7 7

0 01035 m 0 00265 m
number of wavelengths (1 80) 2 52 10 .

6.00 10  m 6.00 10 m

dd n
λ λ − −

. .
= + = + . = . ×

× ×
 

EVALUATE:    Without the glass plate the number of wavelengths between the source and screen is 
4

7
0 0130 m 2.17 10 .

6.00 10  m−

.
= ×

×
 The wavelength is shorter in the glass so there are more wavelengths in a 

distance in glass than there are in the same distance in air. 
 33.44. IDENTIFY:    Apply Snell’s law to the refraction of the light as it passes from water into air. 

SET UP:     1.5 marctan 51 .
1.2 maθ
" #

= = °$ %
& '

 1 00.an = .  1 333.bn = .  

EXECUTE:    1 00arcsin sin arcsin sin51 36 .
1 333

a
b a

b

n
n

θ θ
" # ." #= = ° = °$ % $ %.& '& '

 Therefore, the distance along the 

bottom of the pool from directly below where the light enters to where it hits the bottom is 
(4 0m)tan (4 0m)tan36 2 9m.bx θ= . = . ° = .  total 1 5m 1 5m 2 9m 4 4m.x x= . + = . + . = .  

EVALUATE:    The light ray from the flashlight is bent toward the normal when it refracts into the water. 
 33.45. IDENTIFY:    Use Snell’s law to determine the effect of the liquid on the direction of travel of the light as it 

enters the liquid. 
SET UP:    Use geometry to find the angles of incidence and refraction. Before the liquid is poured in, the 
ray along your line of sight has the path shown in Figure 33.45a (next page). 
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to your room, you realise that you have lost your room key in the pool. You borrow a powerful flashlight and walk
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the critical angle at that surface. Apply Snell’s law at A and at surface BC. For light incident at the critical 
angle, the angle of refraction is 90°. 

 
Figure 33.42 
 
SET UP:    Apply Snell’s law: sin sin .a a b bn nθ θ=  Use n = 1.00 for air, and let n be the index of refraction 
of the glass. 
EXECUTE:   Apply Snell’s law at point A. 
n sin(50.0°) = (1.00) sin(90°) = 1.00. 
n = 1.305. 
Now apply Snell’s law at surface BC. 
(1.00) sinθ  = (1.305) sin(40.0°). 
θ = 57.0°. 
EVALUATE:   The critical angle at A would not be 50.0° if the prism were not a right-angle prism.  

 33.43. IDENTIFY:    Apply 0 .
n
λ

λ =  The number of wavelengths in a distance d of a material is 
d
λ

 where λ  is 

the wavelength in the material. 
SET UP:    The distance in glass is glass 0 00265 m.d = .  The distance in air is 

air 0 0130 m 0 00265 m 0 01035 m.d = . − . = .  
EXECUTE:    number of wavelengths =  number in air +  number in glass. 

glass 4air
7 7

0 01035 m 0 00265 m
number of wavelengths (1 80) 2 52 10 .

6.00 10  m 6.00 10 m

dd n
λ λ − −

. .
= + = + . = . ×

× ×
 

EVALUATE:    Without the glass plate the number of wavelengths between the source and screen is 
4

7
0 0130 m 2.17 10 .

6.00 10  m−

.
= ×

×
 The wavelength is shorter in the glass so there are more wavelengths in a 

distance in glass than there are in the same distance in air. 
 33.44. IDENTIFY:    Apply Snell’s law to the refraction of the light as it passes from water into air. 

SET UP:     1.5 marctan 51 .
1.2 maθ
" #

= = °$ %
& '

 1 00.an = .  1 333.bn = .  

EXECUTE:    1 00arcsin sin arcsin sin51 36 .
1 333

a
b a
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n
n

θ θ
" # ." #= = ° = °$ % $ %.& '& '

 Therefore, the distance along the 

bottom of the pool from directly below where the light enters to where it hits the bottom is 
(4 0m)tan (4 0m)tan36 2 9m.bx θ= . = . ° = .  total 1 5m 1 5m 2 9m 4 4m.x x= . + = . + . = .  

EVALUATE:    The light ray from the flashlight is bent toward the normal when it refracts into the water. 
 33.45. IDENTIFY:    Use Snell’s law to determine the effect of the liquid on the direction of travel of the light as it 

enters the liquid. 
SET UP:    Use geometry to find the angles of incidence and refraction. Before the liquid is poured in, the 
ray along your line of sight has the path shown in Figure 33.45a (next page). 
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 8 0 cmtan 0 500.
16 0 cmaθ
.

= = .
.

 

26 57 .aθ = . °  

Figure 33.45a   
 

After the liquid is poured in, aθ  is the same and the refracted ray passes through the center of the bottom 
of the glass, as shown in Figure 33.45b. 

 

 

 4 0 cmtan 0 250.
16 0 cmbθ
.

= = .
.

 

14 04 .bθ = . °  

Figure 33.45b   
 

EXECUTE:    Use Snell’s law to find ,bn  the refractive index of the liquid: 

sin sin .a a b bn nθ θ=  

sin (1 00)(sin 26 57 ) 1 84.
sin sin14 04
a a

b
b

nn θ
θ

. . °
= = = .

. °
 

EVALUATE:    When the light goes from air to liquid (larger refractive index) it is bent toward the normal. 
 33.46. IDENTIFY:    Apply Snell’s law. For light incident at the critical angle, the angle of refraction is 90°. 

SET UP:    Apply sin sina a b bn nθ θ=  and use n = 1.00 for air. 
EXECUTE:   (a) Apply Snell’s law at the interface between the cladding and the core. At that surface, the 
angle of incidence is the critical angle.  
n1 sin critθ = n2 sin(90°) = n2. 

1.465 sin critθ = 1.450. 

critθ = 81.8°. 
(b) Apply Snell’s law at the flat end of the cable and then at the core-cladding interface. Call θ  the angle 
of refraction at the flat end, and α  the angle of incidence at the core-cladding interface. Because the flat 
end is perpendicular to the surface at the core-cladding interface, sinα  = cos .θ  (See Figure 33.46.) 
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Figure 33.46 
 

At the flat end of the cable: (1.00) sin iθ = n1 sinθ  →  i

1

sinsin .
n
θ

θ =  

At the core-cladding interface: n1 sinα  = n2 sin(90°) = n2    →    n1 cosθ  = n2  →  cosθ  = n2/n1. 

Using the fact that 2sin θ + 2cos θ  = 1, we get 
2 2

i 2

1 1

sin 1.n
n n
θ" # " #

+ =$ % $ %
& ' & '

  Solving for sin iθ  gives 

2 2
i 1 2sin .n nθ = −  

(c) Using the formula we just derived gives 2 2
isin 1.465 1.450 0.20911,θ = − =  so iθ = 12.1°. 

EVALUATE:   If n2 > n1, the square root in (b) is not a real number, so there is no solution for i.θ  This is 
reasonable since total internal reflection will not occur unless n2 < n1. 

 33.47. IDENTIFY:    Apply Snell’s law to the water →  ice and ice →  air interfaces. 
(a) SET UP:    Consider the ray shown in Figure 33.47. 
 

 

 We want to find the incident angle aθ   
at the water-ice interface that causes the  
incident angle at the ice-air interface to be  
the critical angle. 

Figure 33.47   
 

EXECUTE:    ice-air interface: ice critsin 1 0 sin90 .n θ = . °  

ice crit crit
ice

1
sin 1 0 so sin .n

n
θ θ= . =  

But from the diagram we see that crit
ice

1
, so sin .b b n

θ θ θ= =  

water-ice interface: w icesin sin .a bn nθ θ=  

But 
ice

1
sin  so sin 1 0.b w an

n
θ θ= = .  

w

1 1sin 0 7502 and 48 6 .
1 333a an

θ θ= = = . = . °
.

 

EVALUATE:    (b) The angle calculated in part (a) is the critical angle for a water-air interface; the answer 
would be the same if the ice layer wasn’t there! 

 33.48. IDENTIFY:    The incident angle at the prism water→  interface is to be the critical angle. 
SET UP:    The path of the ray is sketched in Figure 33.48 (next page). The ray enters the prism at normal 
incidence so is not bent. For water, water 1 333.n = .  

EXECUTE:    From the figure, crit 45 .θ = °  sin sina a b bn nθ θ=  gives glass sin45 (1 333)sin90 .n ° = . °  

glass
1 333 1 89.
sin45

n .
= = .

°
 

EVALUATE:    For total internal reflection the ray must be incident in the material of greater refractive 
index. glass water ,n n>  so that is the case here. 



2

(33.51-T) When the sun is either rising or setting and appears to be just on the horizon, it is in fact below
the horizon. THe explanation for this seeming paradox is that light from the sun bends slightly when entering the
earth’s atmosphere. Since our perception is based on the idea that light travels in straight lines, we perceive the light
to be coming from an apparent position that is an angle � above the sun’s true position. (a) Make the simplifying
assumptions that the atmosphere has uniform density, and hence uniform index of refraction n, and extends to a
height h above the earth’s surface, at which point it abruptly stop. Show that the able � is given by

� = arcsin

✓
nR

R+ h

◆
� arcsin

✓
R

R+ h

◆
(1)

where R = 6378km is the radius of the earth. (b) Calculate � using n = 1.0003 and h = 20km. How does this
compare to the angular radius of the sun, which is about one quarter of a degree? (In fact, a light ray from the
sun bends gradually, not abruptly, since the density and refractive index of the atmosphere change gradually with
altitude.)

(33.53-T) The incident angle ✓
a

is chosen so that the light passes symmetrically through the prism, which
has refractive index n and apex angle A. (a) Show that the angle of deviation � (the angle between the initial and
final directions of the ray) is given by

sin
A+ �

2
= n sin

A

2
(2)

(When the light passes through symmetrically, as shown, the angle of deviation is a minimum) (b) Use the result of
part (a) to find the angle of deviation for a ray of light passing symmetrically through a prism having three equal
angels (A = 60�) and n = 1.52 (c) A certain glass has a refractive index of 1.61 for red light (700nm) and 1.66 for
violet light (400nm). If both colours pass through symmetrically, as described in part (a), and if A = 60�, find the
di↵erence between the angles of deviation for the two colour.
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 33.51. IDENTIFY:    Apply Snell’s law to the refraction of the light as it enters the atmosphere. 
SET UP:    The path of a ray from the sun is sketched in Figure 33.51. 

 

 

 .a bδ θ θ= −   

From the diagram sin .b
R
R h

θ =
+

 

arcsin .b
R
R h

θ " #= $ %+& '
 

Figure 33.51   
 

EXECUTE:    (a) Apply Snell’s law to the refraction that occurs at the top of the atmosphere: 
sin sina a b bn nθ θ=  

( vacuum of space, refractive index 1.0;  atmosphere, refractive index ).a b n= =  

sin sin so arcsin .a b a
R nRn n
R h R h

θ θ θ" # " #= = =$ % $ %+ +& ' & '
 

arcsin arcsin .a b
nR R
R h R h

δ θ θ # $ # $= − = −& ' & '+ +( ) ( )
 

(b) 
6

6 3
6 38 10  m 0 99688.

6 38 10  m 20 10  m
R
R h

. ×
= = .

+ . × + ×
 

1 0003(0 99688) 0 99718.nR
R h

= . . = .
+

 

arcsin 85.47 .b
R
R h

θ " #= = °$ %+& '
 

 arcsin 85.70 .a
nR
R h

θ " #= = °$ %+& '
 

85 70 85 47 0 23 .a bδ θ θ= − = . °− . ° = . °  
EVALUATE:    The calculated δ  is about the same as the angular radius of the sun. 

 33.52. IDENTIFY:    No light enters the gas because total internal reflection must have occurred at the water-gas 
interface. 
SET UP:    At the minimum value of S, the light strikes the water-gas interface at the critical angle. We 
apply Snell’s law,  b bsin sin ,a an nθ θ= at that surface. 

EXECUTE:    (a) In the water,  (1.11 m)/(1.14 m) 0.974 rad 55.79 .S
R

θ = = = = °  This is the critical angle.  

So, using the refractive index for water from Table 33.1, we get (1.333)sin55.79 1.10n = ° =  
(b) (i) The laser beam stays in the water all the time, so  

8water

water
2 / 2 / (2.28 m)(1.333)/(3.00 10 m/s) 10.13 ns.c Dnt R v R

n c
! "

= = = = × =$ %
& '

 

(ii) The beam is in the water half the time and in the gas the other half of the time. 

gas 8
gas (1.14 m)(1.10)/(3.00 10  m/s) 4.18 ns.

Rn
t

c
= = × =  

The total time is 4.18 ns (10.13 ns)/2 14.31 ns.+ =  
EVALUATE:    The gas must be under considerable pressure to have a refractive index as high as 1.10. 

 33.53. IDENTIFY:    Apply Snell’s law to the two refractions of the ray. 
SET UP:    Refer to the figure that accompanies the problem. 
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violet light (400nm). If both colours pass through symmetrically, as described in part (a), and if A = 60�, find the
di↵erence between the angles of deviation for the two colour.
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 33.51. IDENTIFY:    Apply Snell’s law to the refraction of the light as it enters the atmosphere. 
SET UP:    The path of a ray from the sun is sketched in Figure 33.51. 

 

 

 .a bδ θ θ= −   

From the diagram sin .b
R
R h

θ =
+

 

arcsin .b
R
R h

θ " #= $ %+& '
 

Figure 33.51   
 

EXECUTE:    (a) Apply Snell’s law to the refraction that occurs at the top of the atmosphere: 
sin sina a b bn nθ θ=  

( vacuum of space, refractive index 1.0;  atmosphere, refractive index ).a b n= =  

sin sin so arcsin .a b a
R nRn n
R h R h

θ θ θ" # " #= = =$ % $ %+ +& ' & '
 

arcsin arcsin .a b
nR R
R h R h

δ θ θ # $ # $= − = −& ' & '+ +( ) ( )
 

(b) 
6

6 3
6 38 10  m 0 99688.

6 38 10  m 20 10  m
R
R h

. ×
= = .

+ . × + ×
 

1 0003(0 99688) 0 99718.nR
R h

= . . = .
+

 

arcsin 85.47 .b
R
R h

θ " #= = °$ %+& '
 

 arcsin 85.70 .a
nR
R h

θ " #= = °$ %+& '
 

85 70 85 47 0 23 .a bδ θ θ= − = . °− . ° = . °  
EVALUATE:    The calculated δ  is about the same as the angular radius of the sun. 

 33.52. IDENTIFY:    No light enters the gas because total internal reflection must have occurred at the water-gas 
interface. 
SET UP:    At the minimum value of S, the light strikes the water-gas interface at the critical angle. We 
apply Snell’s law,  b bsin sin ,a an nθ θ= at that surface. 

EXECUTE:    (a) In the water,  (1.11 m)/(1.14 m) 0.974 rad 55.79 .S
R

θ = = = = °  This is the critical angle.  

So, using the refractive index for water from Table 33.1, we get (1.333)sin55.79 1.10n = ° =  
(b) (i) The laser beam stays in the water all the time, so  

8water

water
2 / 2 / (2.28 m)(1.333)/(3.00 10 m/s) 10.13 ns.c Dnt R v R

n c
! "

= = = = × =$ %
& '

 

(ii) The beam is in the water half the time and in the gas the other half of the time. 

gas 8
gas (1.14 m)(1.10)/(3.00 10  m/s) 4.18 ns.

Rn
t

c
= = × =  

The total time is 4.18 ns (10.13 ns)/2 14.31 ns.+ =  
EVALUATE:    The gas must be under considerable pressure to have a refractive index as high as 1.10. 

 33.53. IDENTIFY:    Apply Snell’s law to the two refractions of the ray. 
SET UP:    Refer to the figure that accompanies the problem. 
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EXECUTE:    (a) sin sina a b bn nθ θ=  gives sin sin .
2a b
Anθ =  But ,

2a
A

θ α= +  so 

2sin sin sin .
2 2 2
A A Anα

α
+" #+ = =$ %

& '
 At each face of the prism the deviation is ,α  so 2α δ=  and 

sin sin .
2 2
A Anδ+

=  

(b) From part (a),
60.02arcsin sin . 2arcsin (1.52)sin 60.0 38.9 .

2 2
An Aδ δ

°" # " #= − = − ° = °% & % &
' ( ' (

  

(c) If two colors have different indices of refraction for the glass, then the deflection angles for them  
will differ: 

red
60.02arcsin (1.61)sin 60.0 47.2 .
2

δ
°" #= − ° = °% &

' (
 

violet
60.0

2arcsin (1.66)sin 60.0 52.2 52.2 47.2 5.0 .
2

δ δ
°" #= − ° = °⇒Δ = °− ° = °' (

) *
 

EVALUATE:    The violet light has a greater refractive index and therefore the angle of deviation is greater 
for the violet light. 

 33.54. IDENTIFY:    Apply Snell’s law to each refraction. 
SET UP:    Refer to the angles and distances defined in the figure that accompanies the problem. 
EXECUTE:    (a) For light in air incident on a parallel-faced plate, Snell’s Law yields: 
sin sin sin sin sin sin .a b b a a a a an n n nθ θ θ θ θ θ θ θ" " " "= " = " = ⇒ = ⇒ =  

(b) Adding more plates just adds extra steps in the middle of the above equation that always cancel out. 
The requirement of parallel faces ensures that the angle n nθ θ" =  and the chain of equations can continue. 
(c) The lateral displacement of the beam can be calculated using geometry: 

sin( )
sin( ) and .

cos cos
a b

a b
b b

t td L L d θ θ
θ θ

θ θ

"−
"= − = ⇒ =

" "
 

(d) sin sin66.0arcsin arcsin 30.5
1.80

a
b

n
n
θ

θ
°" # " #$ = = = °% & % &$' ( ' (

 and (2 40 cm)sin(66 0 30 5 )
1 62 cm.

cos30 5
d . . °− . °
= = .

. °
 

EVALUATE:    The lateral displacement in part (d) is large, of the same order as the thickness of the plate. 
 33.55. IDENTIFY:    The reflected light is totally polarized when light strikes a surface at Brewster’s angle. 

SET UP:    At the plastic wall, Brewster’s angle obeys the equation tan p / ,b an nθ =  and Snell’s law, 

sin sin ,a a b bn nθ θ=  applies at the air-water surface. 
EXECUTE:    To be totally polarized, the reflected sunlight must have struck the wall at Brewster’s angle. 

p ptan / (1.67)/(1.00) and 59.09 .b an nθ θ= = = °  

This is the angle of incidence at the wall. A little geometry tells us that the angle of incidence at the water 
surface is 90.00 – 59.09 30.91 .° ° = °  Applying Snell’s law at the water surface gives 

(1.00) sin30.91 1.333 sin and 22.7 .θ θ° = = °  
EVALUATE:    We have two different principles involved here: Reflection at Brewster’s angle at the wall 
and Snell’s law at the water surface. 

 33.56. IDENTIFY:    Apply Snell’s law and the results of Problem 33.54. 
SET UP:    From Figure 33.17 in the textbook, r 1 61n = .  for red light and v 1 66n = .  for violet. In the 
notation of Problem 33.54, t is the thickness of the glass plate and the lateral displacement is d. We want 
the difference in d for the two colors of light to be 1.0 mm. 70 0 .aθ = . °  For red light, sin sina a b bn nθ θ"=  

gives (1 00)sin70 0sin
1 61bθ

. . °
" =

.
 and 35 71 .bθ" = . °  For violet light, (1 00)sin70 0sin

1 66bθ
. . °

" =
.

 and 34 48 .bθ" = . °  

EXECUTE:    (a) n decreases with increasing ,λ  so n is smaller for red than for blue. So beam a is the  
red one. 



3

(33.54-T) Light is incident in air at an angle ✓
a

on the upper surface of a transparent plat, the surfaces of the
plate begin plane and parallel to each other. (a) Prove that ✓

a

= ✓0
a

. (b) Show that this is true for any number of
di↵erent parallel plates. (c) Prove that the lateral displacement d of the emergent beam is given by the relationship

d = t
sin(✓

a

� ✓0
b

)

cos ✓0
b

(3)

where t is the thickness of the plate. (d) A ray of light is incident at an angle of 66� on one surface of a glass plate
2.4cm thick with an index of refraction of 1.80. The medium on either side of the plate is air. Find the lateral
displacement between the incident and emergent rays.

(33.60-T) A rainbow is produced by the reflection of sunlight by spherical drops of water in the air. In the
figure, we show a ray that refracts into a drop at point A, is reflected from the back surface of the drop at point B,
and refracts back into the air at point C. The angles of incidence and refraction, ✓

a

and ✓
b

, are shown at point A
and C, and the angles of incidence and reflection, ✓

a

and ✓
c

are shown at point B. (a) Show that ✓B
a

= ✓A
b

, ✓C
a

= ✓A
b

,
and ✓C

b

= ✓A
a

. (b) Show that the angle in radians between the ray before it enters the drop at A and after it exits at
C (i.e. the total angular deflection f the ray) is � = 2✓A

a

� 4✓A
b

+ ⇡. (Hint: Find the angular deflections that occurs
at A, B and C, and add them to get �) (c) Use Snell’s law to write � in terms of ✓A

a

and n, the refractive index of
the water in the drop. (d) A rainbow will form when the angular deflection � is stationary in the incident angle ✓A

a

- that is, when d�
d✓

A
a

= 0. If this condition is satisfied, all the rays with incident angles close to ✓A
a

will be sent back

in the same direction, producing a bright zone in the sky. Let ✓1 be the value of ✓A
a

for which this occurs. Show

that cos2 ✓1 = 1
3 (n

2 � 1). (Hint: You may find the derivation formula d arcsinu(x)
dx

= (1� u2)�1/2 du

dx

helpful.) (e) The
index of refraction in water is 1.342 for violet light and 1.330 for red light. Use the results of parts (c) and (d) to find
✓1 and� for violet and red light. When you view the rainbow, which colour, red or violet, is higher above the horizon?
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EXECUTE:    (a) sin sina a b bn nθ θ=  gives sin sin .
2a b
Anθ =  But ,

2a
A

θ α= +  so 

2sin sin sin .
2 2 2
A A Anα

α
+" #+ = =$ %

& '
 At each face of the prism the deviation is ,α  so 2α δ=  and 

sin sin .
2 2
A Anδ+

=  

(b) From part (a),
60.02arcsin sin . 2arcsin (1.52)sin 60.0 38.9 .

2 2
An Aδ δ

°" # " #= − = − ° = °% & % &
' ( ' (

  

(c) If two colors have different indices of refraction for the glass, then the deflection angles for them  
will differ: 

red
60.02arcsin (1.61)sin 60.0 47.2 .
2

δ
°" #= − ° = °% &

' (
 

violet
60.0

2arcsin (1.66)sin 60.0 52.2 52.2 47.2 5.0 .
2

δ δ
°" #= − ° = °⇒Δ = °− ° = °' (

) *
 

EVALUATE:    The violet light has a greater refractive index and therefore the angle of deviation is greater 
for the violet light. 

 33.54. IDENTIFY:    Apply Snell’s law to each refraction. 
SET UP:    Refer to the angles and distances defined in the figure that accompanies the problem. 
EXECUTE:    (a) For light in air incident on a parallel-faced plate, Snell’s Law yields: 
sin sin sin sin sin sin .a b b a a a a an n n nθ θ θ θ θ θ θ θ" " " "= " = " = ⇒ = ⇒ =  

(b) Adding more plates just adds extra steps in the middle of the above equation that always cancel out. 
The requirement of parallel faces ensures that the angle n nθ θ" =  and the chain of equations can continue. 
(c) The lateral displacement of the beam can be calculated using geometry: 

sin( )
sin( ) and .

cos cos
a b

a b
b b

t td L L d θ θ
θ θ

θ θ

"−
"= − = ⇒ =

" "
 

(d) sin sin66.0arcsin arcsin 30.5
1.80

a
b

n
n
θ

θ
°" # " #$ = = = °% & % &$' ( ' (

 and (2 40 cm)sin(66 0 30 5 )
1 62 cm.

cos30 5
d . . °− . °
= = .

. °
 

EVALUATE:    The lateral displacement in part (d) is large, of the same order as the thickness of the plate. 
 33.55. IDENTIFY:    The reflected light is totally polarized when light strikes a surface at Brewster’s angle. 

SET UP:    At the plastic wall, Brewster’s angle obeys the equation tan p / ,b an nθ =  and Snell’s law, 

sin sin ,a a b bn nθ θ=  applies at the air-water surface. 
EXECUTE:    To be totally polarized, the reflected sunlight must have struck the wall at Brewster’s angle. 

p ptan / (1.67)/(1.00) and 59.09 .b an nθ θ= = = °  

This is the angle of incidence at the wall. A little geometry tells us that the angle of incidence at the water 
surface is 90.00 – 59.09 30.91 .° ° = °  Applying Snell’s law at the water surface gives 

(1.00) sin30.91 1.333 sin and 22.7 .θ θ° = = °  
EVALUATE:    We have two different principles involved here: Reflection at Brewster’s angle at the wall 
and Snell’s law at the water surface. 

 33.56. IDENTIFY:    Apply Snell’s law and the results of Problem 33.54. 
SET UP:    From Figure 33.17 in the textbook, r 1 61n = .  for red light and v 1 66n = .  for violet. In the 
notation of Problem 33.54, t is the thickness of the glass plate and the lateral displacement is d. We want 
the difference in d for the two colors of light to be 1.0 mm. 70 0 .aθ = . °  For red light, sin sina a b bn nθ θ"=  

gives (1 00)sin70 0sin
1 61bθ

. . °
" =

.
 and 35 71 .bθ" = . °  For violet light, (1 00)sin70 0sin

1 66bθ
. . °

" =
.

 and 34 48 .bθ" = . °  

EXECUTE:    (a) n decreases with increasing ,λ  so n is smaller for red than for blue. So beam a is the  
red one. 



3

(33.54-T) Light is incident in air at an angle ✓
a

on the upper surface of a transparent plat, the surfaces of the
plate begin plane and parallel to each other. (a) Prove that ✓

a

= ✓0
a

. (b) Show that this is true for any number of
di↵erent parallel plates. (c) Prove that the lateral displacement d of the emergent beam is given by the relationship

d = t
sin(✓

a

� ✓0
b

)

cos ✓0
b

(3)

where t is the thickness of the plate. (d) A ray of light is incident at an angle of 66� on one surface of a glass plate
2.4cm thick with an index of refraction of 1.80. The medium on either side of the plate is air. Find the lateral
displacement between the incident and emergent rays.

(33.60-T) A rainbow is produced by the reflection of sunlight by spherical drops of water in the air. In the
figure, we show a ray that refracts into a drop at point A, is reflected from the back surface of the drop at point B,
and refracts back into the air at point C. The angles of incidence and refraction, ✓

a

and ✓
b

, are shown at point A
and C, and the angles of incidence and reflection, ✓

a

and ✓
c

are shown at point B. (a) Show that ✓B
a

= ✓A
b

, ✓C
a

= ✓A
b

,
and ✓C

b

= ✓A
a

. (b) Show that the angle in radians between the ray before it enters the drop at A and after it exits at
C (i.e. the total angular deflection f the ray) is � = 2✓A

a

� 4✓A
b

+ ⇡. (Hint: Find the angular deflections that occurs
at A, B and C, and add them to get �) (c) Use Snell’s law to write � in terms of ✓A

a

and n, the refractive index of
the water in the drop. (d) A rainbow will form when the angular deflection � is stationary in the incident angle ✓A

a

- that is, when d�
d✓

A
a

= 0. If this condition is satisfied, all the rays with incident angles close to ✓A
a

will be sent back

in the same direction, producing a bright zone in the sky. Let ✓1 be the value of ✓A
a

for which this occurs. Show

that cos2 ✓1 = 1
3 (n

2 � 1). (Hint: You may find the derivation formula d arcsinu(x)
dx

= (1� u2)�1/2 du

dx

helpful.) (e) The
index of refraction in water is 1.342 for violet light and 1.330 for red light. Use the results of parts (c) and (d) to find
✓1 and� for violet and red light. When you view the rainbow, which colour, red or violet, is higher above the horizon?
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At the glass-liquid boundary we have 
nB = (1.52)(0.8882) = 1.35. 
Liquid C: Air-glass boundary: (1.00) sin(36.3°) = (1.52) sin ,bθ  bθ = 22.922°, cos bθ = 0.9210 = sin .cθ  
Glass-liquid boundary: nC = (1.52)(0.9210) = 1.40. 
EVALUATE:   The indexes of refraction would be slightly different at wavelengths other than 638 nm since 
n depends on the wavelength of the light. All the values for n are greater than 1, which they must be. 

 33.59. IDENTIFY and SET UP:   The polarizer passes 12  of the intensity of the unpolarized component, 

independent of .α  Malus’s law tells us that out of the intensity pI  of the polarized component, the 

polarizer passes intensity 2
p cos ( ),I α θ−  where α θ−  is the angle between the plane of polarization and 

the axis of the polarizer. 
EXECUTE:    (a) Use the angle where the transmitted intensity is maximum or minimum to find .θ  See  
Figure 33.59. 

 

 
Figure 33.59 

 
The total transmitted intensity is 21

0 p2 cos ( ).I I I α θ= + −  This is maximum when ,θ α=  and from the 

graph in the problem this occurs when α  is approximately 35°, so 35 .θ = °  Alternatively, the total 
transmitted intensity is minimum when 90α θ− = °  and from the graph this occurs for 125 .α = °  Thus, 

90 125 90 35 ,θ α= − ° = °− ° = °  which is in agreement with what we just found. 

(b) For the equation, 21
0 p2 cos ( ),I I I α θ= + −  we use data at two values of α  to determine 0 p and .I I  It 

is easiest to use data where I is a maximum and a minimum. From the graph, we see that these extremes 
are 25 W/m2 at α  = 35° and 5.0 W/m2 at 125 .α = °   
At  125α = °  the net intensity is 5.0 W/m2, so we have  

2 2 2 21 1 1
0 p 0 p 0 02 2 25.0 W/m cos (125 35 ) cos (90 )       10 W/m .I I I I I I= + °− ° = + ° = → =  

At 35α = °  the net intensity is 25 W/m2, so we have 
2 2 2 21 1

0 p 0 p p p2 225 W/m cos 0  5 W/m       20 W/m .I I I I I I= + ° = + = + → =  

EVALUATE:    Now that we have 0 p, , and I I θ  we can verify that 21
0 p2 cos ( )I I I φ θ= + −  describes the 

data in the graph. 
 33.60. IDENTIFY:    Apply Snell’s law to each refraction. 

SET UP:    Refer to the figure that accompanies the problem. 
EXECUTE:    (a) By the symmetry of the triangles, , and .A B C B B A

b a a r a bθ θ θ θ θ θ= = = =  Therefore, 

sin sin sin sin .C C A A C A
b a b a b an nθ θ θ θ θ θ= = = = =  

(b) The total angular deflection of the ray is 2 2 4 .CA A B C A A
a b a a a bbθ θ π θ θ θ θ θ πΔ = − + − + − = − +  
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(c) From Snell’s law, 1sin sin arcsin sin .A A A A
a b b an

n
θ θ θ θ" #= ⇒ = % &

' (
 

12 4 2 4arcsin sin .A A A A
a b a an
θ θ π θ θ π# $Δ = − + = − +' (

) *
 

(d) 
2 2

1 1 1
2 22

1
2

1 4 cos sin 16cos
0 2 4 arcsin sin 0 2 4 1 .

sin1

A
aA A

a a

d d
n nd d n n

n

θ θ θ
θ

θ θ θ

" # " #Δ " #" # " #= = − ⇒ = − ⋅ ⋅ − =( ) ( )( )( ) ( ) ( ) ( )* + * +* + * + * +−

 

2 2 2 2 2 2 2
1 1 1 1

1
4cos 1 cos . 3cos 1. cos ( 1).

3
n n nθ θ θ θ= − + = − = −  

(e) For violet: ( ) ( )2 21 1
1 3 3arccos ( 1) arccos (1.342 1) 58.89 .nθ = − = − = °  

violet violet139 2 40 8 .θΔ = . °⇒ = . °  

For red: ( ) ( )2 21 1
1 3 3arccos ( 1) arccos (1.330 1) 59.58 .nθ = − = − = °  

red red137 5 42 5 .θΔ = . °⇒ = . °  
EVALUATE:    The angles we have calculated agree with the values given in Figure 33.19d in the textbook. 
1θ  is larger for red than for violet, so red in the rainbow is higher above the horizon. 

 33.61. IDENTIFY:    Follow similar steps to Challenge Problem 33.60. 
SET UP:    Refer to Figure 33.19e in the textbook. 
EXECUTE:    (a) The total angular deflection of the ray is 

2 2 2 6 2 ,A A A A A A A A
a b b b a b a bθ θ π θ π θ θ θ θ θ πΔ = − + − + − + − = − +  where we have used the fact from the 

previous problem that all the internal angles are equal and the two external equals are equal. Also using the 
Snell’s law relationship, 

we have: 1 1arcsin sin . 2 6 2 2 6arcsin sin 2 .A A A A A A
b a a b a an n
θ θ θ θ π θ θ π# $ # $= Δ = − + = − +' ( ' (

) * ) *
 

(b) 2

2
2

1 6 cos
0 2 6 arcsin sin 0 2 . .

sin1

A
aA A

a a

d d
n nd d

n

θ
θ

θθ θ

Δ # $# $ # $= = − ⇒ = −' (' ( ' (
) * ) *) * −

 

2
2 2 2 2 2 22

2 2 22
sin 1

1 ( 1 cos ) 9cos . cos ( 1).
8

n n n
n
θ

θ θ θ
" #
− = − + = = −% &% &

' (
 

(c) For violet, ( ) ( )2 21 1
2 violet8 8arccos ( 1) arccos (1.342 1) 71.55 . 233 2nθ = − = − = ° Δ = . °  and 

violet 53 2 .θ = . °  

For red, ( ) ( )2 21 1
2 8 8arccos ( 1) arccos (1.330 1) 71.94 .nθ = − = − = °  red 230 1Δ = . °  and red 50 1 .θ = . °  

EVALUATE:    The angles we calculated agree with those given in Figure 33.19e in the textbook. The color 
that appears higher above the horizon is violet. The colors appear in reverse order in a secondary rainbow 
compared to a primary rainbow. 

 33.62. IDENTIFY and SET UP:    Light polarized at 45° with the horizontal has both a horizontal component and 
a vertical component to its electric field. 
EXECUTE:    Since the light has both horizontal and vertical components, both H-type and V-type cells 
will be able to detect it, which makes choice (a) correct. 
EVALUATE:   Since the light is polarized at 45° with the horizontal, its horizontal and vertical components 
will be equal. So both types of cells should respond to it equally. 


