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Last time

• nature of light

• speed of light



Overview

• ray optics

• reflection

• refraction



Medium in Optics

medium (for mechanical waves)

a material substance that carries waves. The constituent particles
are temporarily displaced as the wave passes, but they return to
their original position.

We will also use the word “medium” in optics, but we mean
something slightly different:

medium (in the case of light)

a material substance that light travels through. The electric field
in light can interact with constituent charged particles in the
substance.

Light can travel without a medium, so the medium does not
“carry” light, it just interacts with the light.



Ray Optics

To study the behavior of light, we represent light as rays pointed
in the direction of the light’s travel.

 35.4 Analysis Model: Wave Under Reflection 1061

35.3 The Ray Approximation in Ray Optics
The field of ray optics (sometimes called geometric optics) involves the study of the 
propagation of light. Ray optics assumes light travels in a fixed direction in a straight 
line as it passes through a uniform medium and changes its direction when it meets 
the surface of a different medium or if the optical properties of the medium are 
nonuniform in either space or time. In our study of ray optics here and in Chapter 
36, we use what is called the ray approximation. To understand this approximation, 
first notice that the rays of a given wave are straight lines perpendicular to the wave 
fronts as illustrated in Figure 35.3 for a plane wave. In the ray approximation, a 
wave moving through a medium travels in a straight line in the direction of its rays.
 If the wave meets a barrier in which there is a circular opening whose diameter 
is much larger than the wavelength as in Figure 35.4a, the wave emerging from the 
opening continues to move in a straight line (apart from some small edge effects); 
hence, the ray approximation is valid. If the diameter of the opening is on the 
order of the wavelength as in Figure 35.4b, the waves spread out from the opening 
in all directions. This effect, called diffraction, will be studied in Chapter 37. Finally, 
if the opening is much smaller than the wavelength, the opening can be approxi-
mated as a point source of waves as shown in Fig. 35.4c.
 Similar effects are seen when waves encounter an opaque object of dimension d. 
In that case, when l ,, d, the object casts a sharp shadow.
 The ray approximation and the assumption that l ,, d are used in this chapter 
and in Chapter 36, both of which deal with ray optics. This approximation is very 
good for the study of mirrors, lenses, prisms, and associated optical instruments 
such as telescopes, cameras, and eyeglasses.

35.4 Analysis Model: Wave Under Reflection
We introduced the concept of reflection of waves in a discussion of waves on 
strings in Section 16.4. As with waves on strings, when a light ray traveling in one 
medium encounters a boundary with another medium, part of the incident light 
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▸ 35.1 c o n t i n u e d

The wavefronts are perpendicular to the rays.



Ray Optics

In ray optics, we assume that light travels in a straight line as
long as it is in a constant, uniform medium. It can only change
direction on reflection, or when it changes medium.

This is not always true, however:

 35.4 Analysis Model: Wave Under Reflection 1061
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▸ 35.1 c o n t i n u e d

We use ray optics when we can ignore diffraction and interference
effects.



Reflection
Just as pulses on strings can be reflected from a fixed or free end
of the string, light can be reflected from a surface when there is a
sudden change of medium.

When the surface is smooth, we see specular (mirror-like)
reflection. If the incoming rays are parallel, so are the reflected
rays.

Specular reflection:

1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.
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The incident ray, the reflected 
ray, and the normal all lie in 
the same plane, and u! " u1.1

u!1

Figure 35.6 The wave under 
reflection model.

Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.

1Figure from Serway & Jewett, page 1062.



Reflection

Specular (mirror-like) reflection:

1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
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road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:
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This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.
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Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.



Reflection

When the surface is rough, we see diffuse reflection. Even when
the incoming rays are parallel, the reflected rays are not.

Diffuse reflection:1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.
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Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
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Reflection

Diffuse reflection:

1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.
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Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.



Why does reflection of light happen?

Incident light is composed of oscillating electromagnetic fields.

This causes oscillating polarizations of individual atoms or
molecules (the distribution of their electron clouds change).

The atoms or molecules act like tiny dipole antennas that re-emit
electromagnetic waves.

These re-emited waves are the reflected rays.

Metals make particularly good mirrors because the electrons in a
metal are free to flow: they form better antennas.



Law of Reflection

In this course (and in the textbook) “reflection” will refer to
specular reflection.

For (specular) reflection, the angle made by the incident
(incoming) ray with respect to the normal to the surface is equal
to the angle made by the reflected ray with the normal:

θi = θr



Law of Reflection

θi = θr
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is reflected. For waves on a one-dimensional string, the reflected wave must neces-
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toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
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another, we use the subscript 2 for 
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Example, Prob 18, page 1081

The reflecting surfaces of two intersecting flat mirrors are at an
angle θ (0◦ 6 θ 6 90◦) as shown. For a light ray that strikes the
horizontal mirror, show that the emerging ray will intersect the
incident ray at an angle β = 180◦ − 2θ.

 Problems 1081

beam of sodium yellow light, with wavelength 589 nm 
in vacuum, is incident from air onto a smooth water 
surface at an angle of incidence of 13.0°. Determine  
(c) the angle of refraction and (d) the wavelength of 
the light in water. (e) Compare and contrast the behav-
ior of the sound and light waves in this problem.

 15. A light ray initially in water enters a transparent sub-
stance at an angle of incidence of 37.0°, and the trans-
mitted ray is refracted at an angle of 25.0°. Calculate 
the speed of light in the transparent substance.

 16. A laser beam is incident at an angle of 30.0° from the 
vertical onto a solution of corn syrup in water. The 
beam is refracted to 19.24° from the vertical. (a) What 
is the index of refraction of the corn syrup solution? 
Assume that the light is red, with vacuum wavelength 
632.8 nm. Find its (b) wavelength, (c) frequency, and 
(d) speed in the solution.

 17. A ray of light strikes the midpoint of one face of an 
equiangular (60°–60°–60°) glass prism (n 5 1.5) at an 
angle of incidence of 30°. (a) Trace the path of the light 
ray through the glass and find the angles of incidence 
and refraction at each surface. (b) If a small fraction 
of light is also reflected at each surface, what are the 
angles of reflection at the surfaces?

 18. The reflecting surfaces of two intersecting flat mirrors 
are at an angle u (0° , u , 90°) as shown in Figure 
P35.18. For a light ray that strikes the horizontal mir-
ror, show that the emerging ray will intersect the inci-
dent ray at an angle b 5 180° 2 2u.

θ

β

Figure P35.18

 19. When you look through a window, by what time inter-
val is the light you see delayed by having to go through 
glass instead of air? Make an order-of-magnitude esti-
mate on the basis of data you specify. By how many 
wavelengths is it delayed?

 20. Two flat, rectangular mirrors, both perpendicular to a 
horizontal sheet of paper, are set edge to edge with 
their reflecting surfaces perpendicular to each other. 
(a) A light ray in the plane of the paper strikes one of 
the mirrors at an arbitrary angle of incidence u1. Prove 
that the final direction of the ray, after reflection from 
both mirrors, is opposite its initial direction. (b) What 
If? Now assume the paper is replaced with a third flat 
mirror, touching edges with the other two and perpen-
dicular to both, creating a corner-cube retroreflector 
(Fig. 35.8a). A ray of light is incident from any direc-
tion within the octant of space bounded by the reflect-
ing surfaces. Argue that the ray will reflect once from 
each mirror and that its final direction will be oppo-
site its original direction. The Apollo 11 astronauts 

M

 6. An underwater scuba diver sees the Sun at an apparent 
angle of 45.0° above the horizontal. What is the actual 
elevation angle of the Sun above the horizontal?

 7. A ray of light is incident on a flat surface of a block of 
crown glass that is surrounded by water. The angle of 
refraction is 19.6°. Find the angle of reflection.

 8. Figure P35.8 shows a refracted light beam in linseed oil 
making an angle of f 5 20.0° with the normal line NN 9. 
The index of refraction of linseed oil is 1.48. Determine 
the angles (a) u and (b) u9.

Linseed oil

Water

N !

N

 !

Air
u

u

f

Figure P35.8

 9. Find the speed of light in (a) flint glass, (b) water, and 
(c) cubic zirconia.

 10. A dance hall is built without pillars and with a horizon-
tal ceiling 7.20 m above the floor. A mirror is fastened 
flat against one section of the ceiling. Following an 
earthquake, the mirror is in place and unbroken. An 
engineer makes a quick check of whether the ceiling is 
sagging by directing a vertical beam of laser light up at 
the mirror and observing its reflection on the floor. 
(a) Show that if the mirror has rotated to make an 
angle f with the horizontal, the normal to the mirror 
makes an angle f with the vertical. (b) Show that the 
reflected laser light makes an angle 2f with the verti-
cal. (c) Assume the reflected laser light makes a spot 
on the floor 1.40 cm away from the point vertically 
below the laser. Find the angle f.

 11. A ray of light travels 
from air into another 
medium, making an 
angle of u1 5 45.0° with 
the normal as in Figure 
P35.11. Find the angle of 
refraction u2 if the sec-
ond medium is (a) fused 
quartz, (b) carbon disul-
fide, and (c) water.

 12. A ray of light strikes a flat block of glass (n 5 1.50) of 
thickness 2.00 cm at an angle of 30.0° with the normal. 
Trace the light beam through the glass and find the 
angles of incidence and refraction at each surface.

 13. A prism that has an apex angle of 50.0° is made of cubic 
zirconia. What is its minimum angle of deviation?

 14. A plane sound wave in air at 20°C, with wavelength 
589 mm, is incident on a smooth surface of water at 
25°C at an angle of incidence of 13.0°. Determine  
(a) the angle of refraction for the sound wave and  
(b) the wavelength of the sound in water. A narrow 

W

W

Air

Second
medium

2θ

1θ

Figure P35.11
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1Compare this problem to example 35.2 in Serway & Jewett.



Retroreflectors
Notice that it doesn’t matter at what angle the light strikes the
mirror.

When θ = 90◦, β = 0◦.

The reflected light travels back parallel to the incident light, no
matter which way the light comes from.
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Retroreflectors

A device with mirrors placed like this is called a retroreflector.
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corner of a cube, retroreflection works in three dimensions. In 1969, a panel of 
many small reflectors was placed on the Moon by the Apollo 11 astronauts (Fig. 
35.8a). A laser beam from the Earth is reflected directly back on itself, and its 
transit time is measured. This information is used to determine the distance to 
the Moon with an uncertainty of 15 cm. (Imagine how difficult it would be to 
align a regular flat mirror on the Moon so that the reflected laser beam would 
hit a particular location on the Earth!) A more everyday application is found in 
automobile taillights. Part of the plastic making up the taillight is formed into 
many tiny cube corners (Fig. 35.8b) so that headlight beams from cars approach-
ing from the rear are reflected back to the drivers. Instead of cube corners, small 
spherical bumps are sometimes used (Fig. 35.8c). Tiny clear spheres are used in 
a coating material found on many road signs. Due to retroreflection from these 
spheres, the stop sign in Figure 35.8d appears much brighter than it would if it 
were simply a flat, shiny surface. Retroreflectors are also used for reflective pan-
els on running shoes and running clothing to allow joggers to be seen at night.
 Another practical application of the law of reflection is the digital projec-
tion of movies, television shows, and computer presentations. A digital projector 
uses an optical semiconductor chip called a digital micromirror device. This device 
contains an array of tiny mirrors (Fig. 35.9a) that can be individually tilted by 
means of signals to an address electrode underneath the edge of the mirror. 
Each mirror corresponds to a pixel in the projected image. When the pixel cor-
responding to a given mirror is to be bright, the mirror is in the “on” position 
and is oriented so as to reflect light from a source illuminating the array to the 
screen (Fig. 35.9b). When the pixel for this mirror is to be dark, the mirror is 
“off” and is tilted so that the light is reflected away from the screen. The bright-

a b

This panel on the Moon 
reflects a laser beam directly 
back to its source on the Earth.

An automobile taillight has 
small retroreflectors to ensure 
that headlight beams are 
reflected back toward the car 
that sent them.

A light ray hitting a transparent 
sphere at the proper position is 
retroreflected.

dc

This stop sign appears to glow 
in headlight beams because its 
surface is covered with a layer 
of many tiny retroreflecting 
spheres.
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Figure 35.8  Applications of 
retroreflection.
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a

The mirror on the left is “on,” 
and the one on the right is “off.”

b

This leg of an ant gives a scale 
for the size of the mirrors.

Figure 35.9  (a) An array of mir-
rors on the surface of a digital 
micro mirror device. Each mirror 
has an area of approximately  
16 mm2. (b) A close-up view of  
two single micromirrors.



Summary

• speed of light

• ray optics

• reflection

Homework Serway & Jewett:

• Ch 35, onward from page 1077. OQs: 1, 8; CQs: 4, 15;
Probs: 1, 3, 21


