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1.A laser beam in air is incident upon ethanol at an angle of 
incidence of 37.0°. What is the angle of refraction?

2.Light in air is incident upon a piece of crown glass at an angle 
of incidence of 45.0°.  What is the angle of refraction?

3.Light passes from air into water at 30.0° to the normal. Find the angle of refraction.

4.Light in air is incident upon a diamond facet at 45.0°. What is the angle of refraction?

5.  A block of unknown material is submerged in water. Light in the water is incident on 
the block at an angle of incidence of 31°. The angle of refraction of the light in the 
block is 27°. What is the index of refraction of the material of the block?

15.  A 2.25-cm-tall object is 8.5 cm to the left of a convex lens of 5.5-cm focal length. 
Find the image position and height.
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Snell’s Law of Refraction
What happens when you shine a narrow beam of light at the surface of

a piece of glass? As you can see in Figure 18-1, it bends as it crosses the
boundary from air to glass. The bending of light, called refraction, was first
studied by René Descartes and Willebrord Snell around the time of Kepler
and Galileo.

To discuss the results of Descartes and Snell, you have to define two
angles. The angle of incidence, θ1, is the angle at which the light ray strikes
the surface. It is measured from the normal to the surface. The angle of
refraction, θ2, is the angle at which the transmitted light leaves the surface.
It also is measured with respect to the normal. In 1621, Snell found that
when light passed from air into a transparent substance, the sines of the
angles were related by the equation sin θ1/sin θ2 ! n. Here n is a constant
that depends on the substance, not on the angles, and is called the index
of refraction. The indices of refraction for some substances are listed in
Table 18-1. The relationship found by Snell is valid when light goes across
a boundary between any two materials. This more general equation is
known as Snell’s law of refraction.

Figure 18-1 shows how Snell’s law applies when light travels through a
piece of glass with parallel surfaces, such as a windowpane. The light is
refracted both when it enters the glass and again when it leaves the glass.
When light goes from air to glass it moves from material with a lower
index of refraction to one with a higher index of refraction. That is, n1 " n2.
To keep the two sides of the equation equal, one must have sin θ1 # sin θ2.
The light beam is bent toward the normal to the surface.

When light travels from glass to air it moves from material having a
higher index of refraction to one with a lower index. In this case, n1 # n2.
To keep the two sides of the equation equal one must have sin θ1$ " sin θ2$.
That is, the light is bent away from the normal. Note that the direction of
the ray when it leaves the glass is the same as it was before it struck the
glass, but it is shifted from its original position.

Snell’s Law of Refraction n1 sin %1 ! n2 sin %2

The product of the index of refraction of the first medium and the sine of the
angle of incidence is equal to the product of the index of refraction of the
second medium and the sine of the angle of refraction.

Air Glass Air

!2"

!1"

!1

!2 ! !1
!1" " !2
!2" " !1

!2

! Figure 18-1 Light bends toward
the normal as it moves from air to
glass and bends away from the
normal as it moves from glass to
air (a). The bending of light makes
objects appear to be shifted from
their actual locations (b).

Table 18-1
Indices of Refraction 

for Yellow Light
(# " 589 nm in vacuum)

Medium n

Vacuum
Air
Water
Ethanol
Crown glass
Quartz
Flint glass
Diamond

1.00
1.0003
1.33
1.36
1.52
1.54
1.62
2.42

• Refracting media and
lenses are light blue.
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2 TEACH
Concept Development
The Angle of Refraction Recall
with the law of reflection that the
angles are measured from the 
normal to the surface. This is also
true with refraction. The angle of
refraction is measured with
respect to the normal on the
opposite side of the surface from
the incident ray.

Critical Thinking
3-D Refracted light travels in a
plane. Ask students how to 
determine the plane of travel in 
a three-dimensional problem. 
The plane of travel is defined by the 
incident ray and the normal to the
surface. The refracted ray travels in
the same plane.

Identifying
Misconceptions
Direction of Refraction
Students may believe that light
always bends toward the normal
when it enters a material and
away from the normal as it exits
the material. Explain that the
direction in which the light bends
depends on the indices of refrac-
tion of the two materials. Light
bends toward the normal only if
the light goes into a material with
a larger index of refraction than
the incident medium.
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Technology
TeacherWorks™ CD-ROM
Interactive Chalkboard CD-ROM
ExamView ® Pro Testmaker CD-ROM
physicspp.com
physicspp.com/vocabulary_puzzlemaker

18.1 Resource MANAGER
FAST FILE Chapters 16–20 Resources

Transparency 18-1 Master, p. 89
Transparency 18-2 Master, p. 91
Study Guide, pp. 76–78
Enrichment, p. 87
Section 18-1 Quiz, p. 81

Teaching Transparency 18-1
Teaching Transparency 18-2
Connecting Math to Physics

! Optical Illusion Some bever-
age glasses are made with thicker
walls so that they appear to hold
more beverage than they really
do. Have students work in pairs to
make drawings that show how it
works. Visual-Spatial
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6. Index of Refraction You notice that when a light
ray enters a certain liquid from water, it is bent
toward the normal, but when it enters the same 
liquid from crown glass, it is bent away from the 
normal. What can you conclude about the liquid’s
index of refraction?

7. Index of Refraction A ray of light in air has an
angle of incidence of 30.0° on a block of unknown
material and an angle of refraction of 20.0°. What is
the index of refraction of the material?

8.Speed of Light Could an index of refraction ever be
less than 1? What would this imply about the speed
of light in that medium?

9.Speed of Light What is the speed of light in chlo-
roform (n ! 1.51)?

10. Total Internal Reflection If you were to use
quartz and crown glass to make an optical fiber,
which would you use for the cladding layer? Why?

11. Angle of Refraction A beam of light passes from
water into polyethylene with n ! 1.50. If "i ! 57.5°,
what is the angle of refraction in the polyethylene?

12. Critical Angle Is there a critical angle for light
traveling from glass to water? From water to glass?

13. Dispersion Why can you see the image of the Sun
just above the horizon when the Sun itself has
already set?

14. Critical Thinking In what direction can you see a
rainbow on a rainy late afternoon? Explain.

18.1 Section Review

physicspp.com/self_check_quiz

! Figure 18-8 A mist across your
view allows for light comprising
the entire spectrum of colors to
reach your eyes in the form of a
rainbow. Reflection from the
raindrops sometimes enables you
to see a second rainbow with the 
colors reversed.

Sometimes, you can see a faint second-order rainbow like the one
shown in Figure 18-8. The second rainbow is outside of the first, is fainter,
and has the order of the colors reversed. Light rays that are reflected twice
inside water droplets produce this effect. Very rarely, a third rainbow is 
visible outside the second. What is your prediction about how many times
light is reflected in the water droplets and the order of appearance of the
colors for the third rainbow? 

Gloria H. Chomica/Masterfile 

Concept Development
Rainbow Lighting Point out that
the sky is brighter inside the arc of
a primary rainbow. This is because
many light rays from the Sun
reflect at angles of less than 42°.
Light of different wavelengths 
creates the bright area within the
rainbow. Little light is reflected
beyond 42°. This creates a dark-
ened area, known as Alexander’s
Dark Band, between the primary
and secondary rainbows.

3 ASSESS
Check for Understanding
Light at a Boundary Activity
Students study reflection and
refraction separately, but these
phenomena usually occur
together. Draw a simple sketch of
a light ray incident on the bound-
ary of a second medium. Have
students complete the total dia-
gram showing both reflection and
refraction. Visual-Spatial

Reteach
Degree of Bending Ask students
how the degree of bending of
light as it enters and exits a mate-
rial is related to the index of
refraction of the material and the
average speed of light in that
material. Snell’s law describes the
relationship: n1 sin !1 ! n2 sin !2.
According to the definition for index
of refraction, the speed of light for
the material is v ! c/n2.
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6. It must be between 1.33 and 1.52.
7. 1.46
8. No, it would mean the speed of light in

the medium is faster than it is in a 
vacuum.

9. 1.99"108 m/s
10. crown glass, because it has a lower index

of refraction and would produce total
internal reflection

11. 48.4°
12. Yes, because nglass > nwater. No.
13. because of bending of light rays in the

atmosphere; refraction
14. In the east, because the Sun sets in the

west and sunlight must shine from behind
you in order for you to see a rainbow.

18.1 Section Review



16.  An object near a convex lens produces a 1.8-cm-tall real image that is 10.4 cm 
from the lens and inverted. If the focal length of the lens is 6.8 cm, what are the object 
position and height?

17.An object is placed to the left of a convex lens with a 25-mm focal length so that its
image is the same size as the object. What are the image and object positions?

19.Calculate the image position and height of a 2.0-cm-tall object located 25 cm from 
a convex lens with a focal length of 5.0 cm. What is the orientation of the image?

22.  A convex lens with a focal length of 22.0 cm is used to view a 15.0-cm-long pencil 
located 10.0 cm away. Find the height and orientation of the image.

23. A stamp collector wants to magnify a stamp by 4.0 when the stamp is 3.5 cm from 
the lens. What focal length is needed for the lens?

68. Light travels from flint glass into ethanol. The angle of refraction in the ethanol is 
25.0°. What is the angle of incidence in the glass?

69. A beam of light strikes the flat, glass side of a water filled aquarium at an angle of 
40.0° to the normal. For glass, n=1.50.
 a.At what angle does the beam enter the glass?
 b.At what angle does the beam enter the water?
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object from the lens. Therefore, the location
of the image doesn’t change.

63. The magnification is much less in water
than in air. The difference in the indices of
refraction for water and glass is much less
than the difference for air and glass.

64. Chromatic aberration for lenses is due to
the dispersion of light (different wave-
lengths of light have different speeds in the

lens and refract with slightly different
angles). Mirrors reflect, and reflection is
independent of wavelength.

65. Eyes can focus better in bright light
because rays that are refracted into larger
angles are cut off by the iris. Therefore, all
rays converge at a narrow angle, so there is
less spherical aberration.

52. The reflex mirror diverts the
image onto a prism so that it
can be viewed before taking a
photograph. When the shutter
release button is pressed, the
reflex mirror moves out of the
way so that the lens focuses the
image onto the film or other
photodetector.

Applying Concepts
53. The angle in substance A is

smaller, so it has the larger
index of refraction.

54. An angle of incidence of 0°
allows the light to go through
unchanged.

55. As the index of refraction of a
material increases, the speed of
light in that material decreases.

56. The critical angle decreases as
the index of refraction
increases.

57. Air and glass have the smaller
critical angle of 41.1°. The criti-
cal angle for air and water is
48.8°.

58. This illustrates light reflected at
angles larger than the critical
angle, or total internal reflection.

59. Even though Greenland is below
the horizon, it is visible as a
mirage due to the refraction of
light. See Solutions Manual.

60. Violet light travels slower in a
prism than red light does.

61. You can see a rainbow only
when the Sun’s rays come from
behind you at an angle not
greater than 42° with the hori-
zon. When you are facing south
in the northern hemisphere, the
Sun is never behind you at an
angle of 42° or less. In the
southern hemisphere, you would
never see a rainbow in the
northern sky. You could see a
rainbow if the Sun is behind you
at the correct angle.

62. The location of the image
depends on the focal length of
the lens and the distance of the

60. A prism bends violet light more than it bends red
light. Explain.

61. Rainbows Why would you never see a rainbow 
in the southern sky if you were in the northern
hemisphere? In which direction should you look to
see rainbows if you are in the southern hemisphere?

62. Suppose that Figure 18-14 is redrawn with a lens of
the same focal length but a larger diameter. Explain
why the location of the image does not change.
Would the image be affected in any way?

63. A swimmer uses a magnifying glass to observe a
small object on the bottom of a swimming pool.
She discovers that the magnifying glass does not
magnify the object very well. Explain why the
magnifying glass is not functioning as it would 
in air.

64. Why is there chromatic aberration for light that
goes through a lens but not for light that reflects
from a mirror?

65. When subjected to bright sunlight, the pupils of
your eyes are smaller than when they are subjected
to dimmer light. Explain why your eyes can focus
better in bright light.

66. Binoculars The objective lenses in binoculars form
real images that are upright compared to their
objects. Where are the images located relative to 
the eyepiece lenses?

Mastering Problems
18.1 Refraction of Light
67. A ray of light travels from air into a liquid, as

shown in Figure 18-25. The ray is incident upon
the liquid at an angle of 30.0°. The angle of
refraction is 22.0°.
a. Using Snell’s law, calculate the index of refraction

of the liquid.
b. Compare the calculated index of refraction to

those in Table 18-1. What might the liquid be?

68. Light travels from flint glass into ethanol. The angle
of refraction in the ethanol is 25.0°. What is the
angle of incidence in the glass?

69. A beam of light strikes the flat, glass side of a water-
filled aquarium at an angle of 40.0° to the normal.
For glass, n ! 1.50.
a. At what angle does the beam enter the glass?
b. At what angle does the beam enter the water?

70. Refer to Table 18-1. Use the index of refraction of
diamond to calculate the speed of light in diamond.

71. Refer to Table 18-1. Find the critical angle for a
diamond in air.

72. Aquarium Tank A thick sheet of plastic, n ! 1.500,
is used as the side of an aquarium tank. Light
reflected from a fish in the water has an angle of
incidence of 35.0°. At what angle does the light
enter the air?

73. Swimming-Pool Lights A light source is located
2.0 m below the surface of a swimming pool and
1.5 m from one edge of the pool, as shown in
Figure 18-26. The pool is filled to the top with
water.
a. At what angle does the light reaching the edge of

the pool leave the water?
b. Does this cause the light viewed from this 

angle to appear deeper or shallower than it
actually is?

74. A diamond’s index of refraction for red light, 
656 nm, is 2.410, while that for blue light, 434 nm,
is 2.450. Suppose that white light is incident on 
the diamond at 30.0°. Find the angles of refraction
for red and blue light.

75. The index of refraction of crown glass is 1.53 for
violet light, and it is 1.51 for red light.
a. What is the speed of violet light in crown glass?
b. What is the speed of red light in crown glass?

1.5 m

2 m

30°

22°

Air

Liquid

Chapter 18 Assessment 509physicspp.com/chapter_test

! Figure 18-25

! Figure 18-26 (Not to scale)

73.  A light source is located 2.0 m below the surface of a swimming pool and 1.5 m 
from one edge of the pool, as shown in Figure 18-26.The pool is filled to the top with 
water.
a. At what angle does the light reaching the edge of the pool leave the water?
b. Does this cause the light viewed from this angle to appear deeper or shallower than 
it actually is?

79.The speed of light in a clear plastic is 1.90 x108m/s. A ray of light strikes the plastic 
at an angle of 22.0°. At what angle is the ray refracted?

76. The critical angle for a special glass in air is 41.0°.
What is the critical angle if the glass is immersed 
in water?

77. A ray of light in a tank of water has an angle of
incidence of 55.0°. What is the angle of refraction
in air?

78. The ray of light shown in Figure 18-27 is incident
upon a 60°-60°-60° glass prism, n ! 1.5.
a. Using Snell’s law of refraction, determine the

angle, "2, to the nearest degree.
b. Using elementary geometry, determine the 

value of "1#.
c. Determine "2#.

79. The speed of light in a clear plastic is 1.90$108 m/s.
A ray of light strikes the plastic at an angle of 22.0°.
At what angle is the ray refracted?

80. A light ray enters a block of crown glass, as
illustrated in Figure 18-28. Use a ray diagram to
trace the path of the ray until it leaves the glass.

18.2 Convex and Concave Lenses

81. The focal length of a convex lens is 17 cm. A candle
is placed 34 cm in front of the lens. Make a ray
diagram to locate the image.

82. A converging lens has a focal length of 25.5 cm. If it
is placed 72.5 cm from an object, at what distance
from the lens will the image be?

83. If an object is 10.0 cm from a converging lens that
has a focal length of 5.00 cm, how far from the lens
will the image be?

84. A convex lens is needed to produce an image that is
0.75 times the size of the object and located 24 cm
from the lens on the other side. What focal length
should be specified?

85. An object is located 14.0 cm from a convex lens 
that has a focal length of 6.0 cm. The object is 
2.4 cm high.
a. Draw a ray diagram to determine the location,

size, and orientation of the image.
b. Solve the problem mathematically.

86. A 3.0-cm-tall object is placed 22 cm in front of a
converging lens. A real image is formed 11 cm from
the lens. What is the size of the image?

87. A 3.0-cm-tall object is placed 15.0 cm in front of a
converging lens. A real image is formed 10.0 cm
from the lens.
a. What is the focal length of the lens?
b. If the original lens is replaced with a lens having

twice the focal length, what are the image
position, size, and orientation?

88. A diverging lens has a focal length of 15.0 cm. An
object placed near it forms a 2.0-cm-high image at 
a distance of 5.0 cm from the lens.
a. What are the object position and object height?
b. The diverging lens is now replaced by a

converging lens with the same focal length. What
are the image position, height, and orientation?
Is it a virtual image or a real image?

18.3 Applications of Lenses
89. Camera Lenses Camera lenses are described in

terms of their focal length. A 50.0-mm lens has a
focal length of 50.0 mm.
a. A camera with a 50.0-mm lens is focused on an

object 3.0 m away. What is the image position?
b. A 1000.0-mm lens is focused on an object 125 m

away. What is the image position?

90. Eyeglasses To clearly read a book 25 cm away, a
farsighted girl needs the image to be 45 cm from
her eyes. What focal length is needed for the lenses
in her eyeglasses?

91. Copy Machine The convex lens of a copy machine
has a focal length of 25.0 cm. A letter to be copied
is placed 40.0 cm from the lens.
a. How far from the lens is the copy paper?
b. How much larger will the copy be?

45°

nglass ! 1.5

!2
"

60°

60° 60°

Air

P Q
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!1 ! 45°

!2 !1
"

Glass
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! Figure 18-27

! Figure 18-28
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Level 2
84. 14 cm

85. a. See Solutions Manual.
b. !1.8 cm, the image is inverted.

86. The image is 1.5 cm tall.

Level 3
87. a. 6.00 cm

b. di, new " 60.0 cm, hi, new " !12 cm,
inverted orientation

88. a. position: 7.5 cm, size: 3.0 cm
b. position: 15 cm, size: 6.0 cm, and 

orientation: upright; this is a virtual
image that is upright compared to the
object.

18.3 Applications of Lenses
Level 1
89. a. 51 mm

b. 1.01#103 mm

66. Each side of the binoculars is
like a refracting telescope. The
objective lens image must,
therefore, be between the eye-
piece lens and its focal point to
magnify the image.

Mastering Problems
18.1 Refraction of Light
Level 1
67. a. 1.33

b. water

68. 20.8°

69. a. 25.4°
b. 28.9°

70. 1.24#108 m/s

71. 24.4°

Level 2
72. 49.7°

73. a. 53°
b. 1.1 m, shallower

74. for red light: 12.0°; for blue light:
11.8°

75. a. 1.96#108 m/s
b. 1.99#108 m/s

76. 60.8°

Level 3
77. The value sin $2 " 1.09 is not

defined; therefore, total internal
reflection occurs.

78. a. 28°
b. P " 62°, Q " 58°, $1% " 32°
c. 53°

79. 13.7°

80. See Solutions Manual.

18.2 Convex and Concave
Lenses

Level 1
81. See Solutions Manual. 

di " 34 cm

82. The image is 39.3 cm from the
lens.

83. 10.0 cm

80.A light ray enters a block of crown glass, as illustrated in Figure 18-28.Use a ray 
diagram to trace the path of the ray until it leaves the glass.

88.A diverging lens has a focal length of 15.0 cm. An object placed near it forms a 2.0-
cm-high image at a distance of 5.0 cm from the lens.
 a. What are the object position and object height?

The diverging lens is now replaced by a converging lens with the same focal length. 
 b. What are the image position, height, and orientation? Is it a virtual image or a 
real image?


