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How Light Works Ray optics

We just learned that light is a wave
Unlike particles + waves behave in funny ways

e.g. + they bend around corners
However + smaller wavelength l is ) weaker funny effects are
l of light is about 100 times smaller than diameter of human hair!
For a long time + no one noticed “wave nature” of light at all
This means that for most physics phenomena of everyday life

we can safely ignore wave nature of light
Light waves travel through and around obstacles
whose transverse dimensions are much greater than wavelength

and wave nature of light is not readily discerned
Under these circumstances + behavior of light

is described by rays obeying set of geometrical rules
This model of light is called ray optics
Ray optics is limit of wave optics

when wavelength is infinitesimally small
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12.1 Ray Approximation in Geometric Optics
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How Light Works Electromagnetic waves

Light itself consists of electric and magnetic fields of this kind

But what about photons? + Good question

We will deal with this soon + But meanwhile... note important fact:
we have a means of transporting energy through empty space

without transporting matter

Electromagnetic waves propagate any time an electron is jiggled
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How Light Works Ray optics

To study more classical aspects of how light travels:

We will ignore time variations + (1014 Hz too fast to notice)
We will assume light travels through a transparent medium

in straight line
Light can change directions in 3 main ways:

1 Bouncing off objects (reflection)
2 Entering objects (e.g. glass) and bending (refraction)
3 Getting caught and heating the object (absorption)

In other words

We consider that light travels in form of rays

Rays are emitted by light sources
and can be observed when they reach an optical detector

We further assume that optical rays propagate in optical media

To keep things simple + we will assume that media are transparent
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When light ray travels between any two points                            

Obvious consequence of this principle:                            

12.2 Fermat’s Principle

its path is one that requires smallest time interval

paths of light rays traveling in homogeneous medium are straight lines 

How Light Works Ray optics

Summary of reflection and refraction
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How Light Works Ray optics

When ray of light traveling through transparent medium
encounters boundary leading into another transparent medium

part of energy is reflected and part enters second medium

Ray that enters second medium
is bent at boundary and is said to be refracted

Incident ray, reflected ray, and refracted ray all lie in same plane
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because straight line is shortest distance between two points

5Monday, April 16, 18



12.3 Reflection

The ray approximation and the assumption that ! "" d are used in this chapter
and in Chapter 36, both of which deal with geometric 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 Reflection

When a light ray traveling in one medium encounters a boundary with another
medium, part of the incident light is reflected. Figure 35.5a shows several rays of a
beam of light incident on a smooth, mirror-like, reflecting surface. The reflected
rays are parallel to each other, as indicated in the figure. The direction of a
reflected ray is in the plane perpendicular to the reflecting surface that contains the
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Active Figure 35.4 A plane wave of wavelength ! is incident on a barrier in which
there is an opening of diameter d. (a) When ! "" d, the rays continue in a straight-line
path, and the ray approximation remains valid. (b) When ! ! d, the rays spread out
after passing through the opening. (c) When ! ## d, the opening behaves as a point
source emitting spherical waves.

(c)(a)

d

(b)

λ << dλ λ ≈ dλ

λ >> dλ

At the Active Figures link
at http://www.pse6.com, you
can adjust the size of the
opening and observe the effect
on the waves passing through.

(b)(a)

Figure 35.5 Schematic representation of (a) specular reflection, where the reflected
rays are all parallel to each other, and (b) diffuse reflection, where the reflected rays
travel in random directions. (c) and (d) Photographs of specular and diffuse reflection
using laser light.
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incident ray. Reflection of light from such a smooth surface is called specular
reflection. If the reflecting surface is rough, as shown 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
difficult to see while driving on a rainy 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
highway more clearly. In this book, we concern ourselves only with 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 !1 and
!"1, 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:

(35.2)

This relationship is called the law of reflection.

!"1 # !1

S E C T I O N  3 5 . 4 •  Reflection 1099

Quick Quiz 35.1 In the movies, you sometimes see an actor looking in a
mirror and you can see his face in the mirror. During the filming of this scene, what
does the actor see in the mirror? (a) his face (b) your face (c) the director’s face
(d) the movie camera (e) impossible to determine

Example 35.2 The Double-Reflected Light Ray Interactive

Normal

Incident
ray

Reflected
ray

θ1 ′θ1θ θ
At the Active Figures link

at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected ray.

▲ PITFALL PREVENTION 
35.1 Subscript Notation
We use the subscript 1 to refer
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 the
current discussion, the light stays
in the same medium, so we only
have to use the subscript 1.

Active Figure 35.6 According to the law of reflection,
!"1 # !1. The incident ray, the reflected ray, and the normal all
lie in the same plane.

Law of reflection

Two mirrors make an angle of 120° with each other, as illus-
trated in Figure 35.7a. A ray is incident on mirror M1 at an
angle of 65° to the normal. Find the direction of the ray
after it is reflected from mirror M2.

Solution Figure 35.7a helps conceptualize this situation. The
incoming ray reflects from the first mirror, and the reflected
ray is directed toward the second mirror. Thus, there is a
second reflection from this latter mirror. Because the interac-
tions with both mirrors are simple reflections, we categorize
this problem as one that will require the law of reflection and
some geometry. To analyze the problem, note that from the

law of reflection, we know that the first reflected ray makes an
angle of 65° with the normal. Thus, this ray makes an angle of
90° $ 65° # 25° with the horizontal.

From the triangle made by the first reflected ray and the
two mirrors, we see that the first reflected ray makes an an-
gle of 35° with M2 (because the sum of the interior angles of
any triangle is 180°). Therefore, this ray makes an angle of
55° with the normal to M2. From the law of reflection, the
second reflected ray makes an angle of 55° with the normal
to M2.

To finalize the problem, let us explore variations in the
angle between the mirrors as follows.
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The ray approximation and the assumption that ! "" d are used in this chapter
and in Chapter 36, both of which deal with geometric 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 Reflection

When a light ray traveling in one medium encounters a boundary with another
medium, part of the incident light is reflected. Figure 35.5a shows several rays of a
beam of light incident on a smooth, mirror-like, reflecting surface. The reflected
rays are parallel to each other, as indicated in the figure. The direction of a
reflected ray is in the plane perpendicular to the reflecting surface that contains the
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there is an opening of diameter d. (a) When ! "" d, the rays continue in a straight-line
path, and the ray approximation remains valid. (b) When ! ! d, the rays spread out
after passing through the opening. (c) When ! ## d, the opening behaves as a point
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rays are all parallel to each other, and (b) diffuse reflection, where the reflected rays
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incident ray. Reflection of light from such a smooth surface is called specular
reflection. If the reflecting surface is rough, as shown 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
difficult to see while driving on a rainy 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
highway more clearly. In this book, we concern ourselves only with 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 !1 and
!"1, 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:

(35.2)

This relationship is called the law of reflection.

!"1 # !1
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Quick Quiz 35.1 In the movies, you sometimes see an actor looking in a
mirror and you can see his face in the mirror. During the filming of this scene, what
does the actor see 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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▲ PITFALL PREVENTION 
35.1 Subscript Notation
We use the subscript 1 to refer
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 the
current discussion, the light stays
in the same medium, so we only
have to use the subscript 1.

Active Figure 35.6 According to the law of reflection,
!"1 # !1. The incident ray, the reflected ray, and the normal all
lie in the same plane.

Law of reflection

Two mirrors make an angle of 120° with each other, as illus-
trated in Figure 35.7a. A ray is incident on mirror M1 at an
angle of 65° to the normal. Find the direction of the ray
after it is reflected from mirror M2.

Solution Figure 35.7a helps conceptualize this situation. The
incoming ray reflects from the first mirror, and the reflected
ray is directed toward the second mirror. Thus, there is a
second reflection from this latter mirror. Because the interac-
tions with both mirrors are simple reflections, we categorize
this problem as one that will require the law of reflection and
some geometry. To analyze the problem, note that from the

law of reflection, we know that the first reflected ray makes an
angle of 65° with the normal. Thus, this ray makes an angle of
90° $ 65° # 25° with the horizontal.

From the triangle made by the first reflected ray and the
two mirrors, we see that the first reflected ray makes an an-
gle of 35° with M2 (because the sum of the interior angles of
any triangle is 180°). Therefore, this ray makes an angle of
55° with the normal to M2. From the law of reflection, the
second reflected ray makes an angle of 55° with the normal
to M2.

To finalize the problem, let us explore variations in the
angle between the mirrors as follows.
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When light ray traveling in medium encounters with another medium 

Reflected rays are parallel to each other as indicated in

Reflection of light from smooth surface is called specular reflection

☛

If reflecting surface is rough

Reflection from rough surface is known as

Surface behaves as smooth surface

surface reflects rays not as a parallel set 

diffuse reflection

but in various directions

than wavelength of incident light

part of incident light is reflected

as shown in ☛

if surface variations are much smaller
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Difference between these two kinds of reflection

If road is wet ☛ smooth water surface 

When road is dry ☛ its rough surface 

We’ll concern ourselves only with specular reflection
use term reflection to mean specular reflection

explains why it is more difficult to see while driving on a rainy night

(and perhaps into eyes of oncoming drivers)
specularly reflects most of your headlight beams away from your car 

allowing to see highway more clearly
diffusely reflects part of headlight beam back towards you

and
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incident ray. Reflection of light from such a smooth surface is called specular
reflection. If the reflecting surface is rough, as shown 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
difficult to see while driving on a rainy 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
highway more clearly. In this book, we concern ourselves only with 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 !1 and
!"1, 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:

(35.2)

This relationship is called the law of reflection.

!"1 # !1
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Quick Quiz 35.1 In the movies, you sometimes see an actor looking in a
mirror and you can see his face in the mirror. During the filming of this scene, what
does the actor see in the mirror? (a) his face (b) your face (c) the director’s face
(d) the movie camera (e) impossible to determine

Example 35.2 The Double-Reflected Light Ray Interactive

Normal
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ray

Reflected
ray

θ1 ′θ1θ θ
At the Active Figures link

at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected ray.

▲ PITFALL PREVENTION 
35.1 Subscript Notation
We use the subscript 1 to refer
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 the
current discussion, the light stays
in the same medium, so we only
have to use the subscript 1.

Active Figure 35.6 According to the law of reflection,
!"1 # !1. The incident ray, the reflected ray, and the normal all
lie in the same plane.

Law of reflection

Two mirrors make an angle of 120° with each other, as illus-
trated in Figure 35.7a. A ray is incident on mirror M1 at an
angle of 65° to the normal. Find the direction of the ray
after it is reflected from mirror M2.

Solution Figure 35.7a helps conceptualize this situation. The
incoming ray reflects from the first mirror, and the reflected
ray is directed toward the second mirror. Thus, there is a
second reflection from this latter mirror. Because the interac-
tions with both mirrors are simple reflections, we categorize
this problem as one that will require the law of reflection and
some geometry. To analyze the problem, note that from the

law of reflection, we know that the first reflected ray makes an
angle of 65° with the normal. Thus, this ray makes an angle of
90° $ 65° # 25° with the horizontal.

From the triangle made by the first reflected ray and the
two mirrors, we see that the first reflected ray makes an an-
gle of 35° with M2 (because the sum of the interior angles of
any triangle is 180°). Therefore, this ray makes an angle of
55° with the normal to M2. From the law of reflection, the
second reflected ray makes an angle of 55° with the normal
to M2.

To finalize the problem, let us explore variations in the
angle between the mirrors as follows.

Law of reflection

✓01 = ✓1

Consider light ray traveling in air                                                                   

Incident and reflected rays make angles ✓1 and ✓01 with respect to normal

(Normal is a line drawn perpendicular to surface at point where incident ray strikes surface) 

Experiments and theory show that

angle of reflection equals angle of incidence

and incident at angle on flat smooth surface
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12.4 Refraction

35.5 Refraction

When a ray of light traveling through a transparent medium encounters a boundary
leading into another transparent medium, as shown in Figure 35.10, part of the energy
is reflected and part enters the second medium. The ray that enters the second
medium is bent at the boundary and is said to be refracted. The incident ray, the
reflected ray, and the refracted ray all lie in the same plane. The angle of refraction,
!2 in Figure 35.10a, depends on the properties of the two media and on the angle of
incidence through the relationship

(35.3)

where v1 is the speed of light in the first medium and v2 is the speed of light in the
second medium.

The path of a light ray through a refracting surface is reversible. For example, the
ray shown in Figure 35.10a travels from point A to point B. If the ray originated at B, it
would travel to the left along line BA to reach point A, and the reflected part would
point downward and to the left in the glass.

sin !2

sin !1
"

v2

v1
" constant
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(b)

Glass
Air

Incident
ray

Refracted
ray

Reflected
ray

Normal

A

v1
v2

(a)

B

θ2θ

′θ1θθ1θ

Active Figure 35.10 (a) A ray obliquely incident on an air–glass interface. The re-
fracted ray is bent toward the normal because v2 # v1. All rays and the normal lie in
the same plane. (b) Light incident on the Lucite block bends both when it enters the
block and when it leaves the block.
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At the Active Figures link
at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected and
refracted rays.

Quick Quiz 35.2 If beam ! is the incoming beam in Figure 35.10b, which
of the other four red lines are reflected beams and which are refracted beams?

From Equation 35.3, we can infer that when light moves from a material in which its
speed is high to a material in which its speed is lower, as shown in Figure 35.11a, the angle
of refraction !2 is less than the angle of incidence !1, and the ray is bent toward the
normal. If the ray moves from a material in which light moves slowly to a material in
which it moves more rapidly, as illustrated in Figure 35.11b, !2 is greater than !1, and the
ray is bent away from the normal.

The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air,
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35.5 Refraction

When a ray of light traveling through a transparent medium encounters a boundary
leading into another transparent medium, as shown in Figure 35.10, part of the energy
is reflected and part enters the second medium. The ray that enters the second
medium is bent at the boundary and is said to be refracted. The incident ray, the
reflected ray, and the refracted ray all lie in the same plane. The angle of refraction,
!2 in Figure 35.10a, depends on the properties of the two media and on the angle of
incidence through the relationship
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where v1 is the speed of light in the first medium and v2 is the speed of light in the
second medium.

The path of a light ray through a refracting surface is reversible. For example, the
ray shown in Figure 35.10a travels from point A to point B. If the ray originated at B, it
would travel to the left along line BA to reach point A, and the reflected part would
point downward and to the left in the glass.
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at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected and
refracted rays.

Quick Quiz 35.2 If beam ! is the incoming beam in Figure 35.10b, which
of the other four red lines are reflected beams and which are refracted beams?

From Equation 35.3, we can infer that when light moves from a material in which its
speed is high to a material in which its speed is lower, as shown in Figure 35.11a, the angle
of refraction !2 is less than the angle of incidence !1, and the ray is bent toward the
normal. If the ray moves from a material in which light moves slowly to a material in
which it moves more rapidly, as illustrated in Figure 35.11b, !2 is greater than !1, and the
ray is bent away from the normal.

The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air,
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Ray that enters second medium is bent at boundary and is said to be refracted

part of energy is reflected and part enters second medium

Incident ray, reflected ray, and refracted ray all lie in same plane

When light ray traveling in medium encounters with another medium 
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How Light Works Ray optics

Light only travels at c ' 3 ⇥ 108 m/s in vacuum

In materials + it is always slowed down

Index of refraction + how fast light travels through material

index of refraction = n =
speed of light (in vacuum)
speed of light (in medium)

The bigger the n + the slower the light travels

L. A. Anchordoqui (CUNY) Conceptual Physics 10-3-2017 9 / 2010Monday, April 16, 18



Angle of refraction     
depends on properties of two media and on angle of incidence

35.5 Refraction

When a ray of light traveling through a transparent medium encounters a boundary
leading into another transparent medium, as shown in Figure 35.10, part of the energy
is reflected and part enters the second medium. The ray that enters the second
medium is bent at the boundary and is said to be refracted. The incident ray, the
reflected ray, and the refracted ray all lie in the same plane. The angle of refraction,
!2 in Figure 35.10a, depends on the properties of the two media and on the angle of
incidence through the relationship

(35.3)

where v1 is the speed of light in the first medium and v2 is the speed of light in the
second medium.

The path of a light ray through a refracting surface is reversible. For example, the
ray shown in Figure 35.10a travels from point A to point B. If the ray originated at B, it
would travel to the left along line BA to reach point A, and the reflected part would
point downward and to the left in the glass.
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fracted ray is bent toward the normal because v2 # v1. All rays and the normal lie in
the same plane. (b) Light incident on the Lucite block bends both when it enters the
block and when it leaves the block.
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At the Active Figures link
at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected and
refracted rays.

Quick Quiz 35.2 If beam ! is the incoming beam in Figure 35.10b, which
of the other four red lines are reflected beams and which are refracted beams?

From Equation 35.3, we can infer that when light moves from a material in which its
speed is high to a material in which its speed is lower, as shown in Figure 35.11a, the angle
of refraction !2 is less than the angle of incidence !1, and the ray is bent toward the
normal. If the ray moves from a material in which light moves slowly to a material in
which it moves more rapidly, as illustrated in Figure 35.11b, !2 is greater than !1, and the
ray is bent away from the normal.

The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air,
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✓2

sin ✓2
sin ✓1

=

v2
v1

= constant

speed of light in first medium 

speed of light in second medium

Path of a light ray through a refracting surface is reversible

For example ☛ ray shown in figure travels from point A to point B

If ray originated at B ☛ it would travel to left along line BA to reach point A 
and reflected part would point downward and to left in glass
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Behavior of light as it passes from air into another substance                                    

When light travels in air its speed is
when light enters block of glass

3.00 ⇥ 108 m/s

2 ⇥ 108 m/s

When light re-emerges into air 
3.00 ⇥ 108 m/s

This is far different from what happens when bullet is fired through apple

In this case speed of bullet is reduced as it moves through apple

When bullet enters air once again
S E C T I O N  3 5 . 5 •  Refraction 1103

At the Active Figures link
at http://www.pse6.com, light
passes through three layers of
material. You can vary the
incident angle and see the
effect on the refracted rays for
a variety of values of the index
of refraction (page 1104) of the
three materials.

Glass
Air

Normal

(a)

Normal

(b)

Glass

Air

1θ

2θ

2θ1θ >

v2 < v1

v1

v2 > v1

v1 1θ

2θ

2θ1θ <

Active Figure 35.11 (a) When the light beam moves from air into glass, the light slows
down on entering the glass and its path is bent toward the normal. (b) When the beam
moves from glass into air, the light speeds up on entering the air and its path is bent
away from the normal.

its speed is 3.00 ! 108 m/s, but this speed is reduced to approximately 2 ! 108 m/s
when the light enters a block of glass. When the light re-emerges into air, its speed
instantaneously increases to its original value of 3.00 ! 108 m/s. This is far different
from what happens, for example, when a bullet is fired through a block of wood. In
this case, the speed of the bullet is reduced as it moves through the wood because
some of its original energy is used to tear apart the wood fibers. When the bullet
enters the air once again, it emerges at the speed it had just before leaving the
block of wood.

To see why light behaves as it does, consider Figure 35.12, which represents a
beam of light entering a piece of glass from the left. Once inside the glass, the light
may encounter an electron bound to an atom, indicated as point A. Let us assume
that light is absorbed by the atom; this causes the electron to oscillate (a detail
represented by the double-headed vertical arrows). The oscillating electron then
acts as an antenna and radiates the beam of light toward an atom at B, where the
light is again absorbed. The details of these absorptions and radiations are best
explained in terms of quantum mechanics (Chapter 42). For now, it is sufficient to
think of light passing from one atom to another through the glass. Although light
travels from one glass atom to another at 3.00 ! 108 m/s, the absorption and
radiation that take place cause the average light speed through the material to fall to
about 2 ! 108 m/s. Once the light emerges into the air, absorption and radiation
cease and the speed of the light returns to the original value.

A B

Figure 35.12 Light passing from one atom to another in a
medium. The dots are electrons, and the vertical arrows represent
their oscillations.

S E C T I O N  3 5 . 5 •  Refraction 1103

At the Active Figures link
at http://www.pse6.com, light
passes through three layers of
material. You can vary the
incident angle and see the
effect on the refracted rays for
a variety of values of the index
of refraction (page 1104) of the
three materials.
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Active Figure 35.11 (a) When the light beam moves from air into glass, the light slows
down on entering the glass and its path is bent toward the normal. (b) When the beam
moves from glass into air, the light speeds up on entering the air and its path is bent
away from the normal.
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35.5 Refraction

When a ray of light traveling through a transparent medium encounters a boundary
leading into another transparent medium, as shown in Figure 35.10, part of the energy
is reflected and part enters the second medium. The ray that enters the second
medium is bent at the boundary and is said to be refracted. The incident ray, the
reflected ray, and the refracted ray all lie in the same plane. The angle of refraction,
!2 in Figure 35.10a, depends on the properties of the two media and on the angle of
incidence through the relationship

(35.3)

where v1 is the speed of light in the first medium and v2 is the speed of light in the
second medium.

The path of a light ray through a refracting surface is reversible. For example, the
ray shown in Figure 35.10a travels from point A to point B. If the ray originated at B, it
would travel to the left along line BA to reach point A, and the reflected part would
point downward and to the left in the glass.

sin !2

sin !1
"

v2

v1
" constant
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Active Figure 35.10 (a) A ray obliquely incident on an air–glass interface. The re-
fracted ray is bent toward the normal because v2 # v1. All rays and the normal lie in
the same plane. (b) Light incident on the Lucite block bends both when it enters the
block and when it leaves the block.
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At the Active Figures link
at http://www.pse6.com, vary
the incident angle and see the
effect on the reflected and
refracted rays.

Quick Quiz 35.2 If beam ! is the incoming beam in Figure 35.10b, which
of the other four red lines are reflected beams and which are refracted beams?

From Equation 35.3, we can infer that when light moves from a material in which its
speed is high to a material in which its speed is lower, as shown in Figure 35.11a, the angle
of refraction !2 is less than the angle of incidence !1, and the ray is bent toward the
normal. If the ray moves from a material in which light moves slowly to a material in
which it moves more rapidly, as illustrated in Figure 35.11b, !2 is greater than !1, and the
ray is bent away from the normal.

The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air,
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A mechanical analog of refraction is shown in Figure 35.13. When the left end of
the rolling barrel reaches the grass, it slows down, while the right end remains on the
concrete and moves at its original speed. This difference in speeds causes the barrel to
pivot, and this changes the direction of travel.

Index of Refraction

In general, the speed of light in any material is less than its speed in vacuum. In fact,
light travels at its maximum speed in vacuum. It is convenient to define the index of
refraction n of a medium to be the ratio

(35.4)

From this definition, we see that the index of refraction is a dimensionless
number greater than unity because v is always less than c. Furthermore, n is equal
to unity for vacuum. The indices of refraction for various substances are listed
in Table 35.1.

As light travels from one medium to another, its frequency does not
change but its wavelength does. To see why this is so, consider Figure 35.14.
Waves pass an observer at point A in medium 1 with a certain frequency and are

n ! 
speed of light in vacuum

speed of light in a medium
!

c
v
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Concrete

Grass
This end slows
first; as a result,
the barrel turns.

Figure 35.13 Overhead view of a barrel rolling
from concrete onto grass.
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Figure 35.14 As a wave moves
from medium 1 to medium 2, its
wavelength changes but its
frequency remains constant.

Index of Index of
Substance Refraction Substance Refraction

Solids at 20°C Liquids at 20°C
Cubic zirconia 2.20 Benzene 1.501
Diamond (C) 2.419 Carbon disulfide 1.628
Fluorite (CaF2) 1.434 Carbon tetrachloride 1.461
Fused quartz (SiO2) 1.458 Ethyl alcohol 1.361
Gallium phosphide 3.50 Glycerin 1.473
Glass, crown 1.52 Water 1.333
Glass, flint 1.66
Ice (H2O) 1.309
Polystyrene 1.49
Sodium chloride (NaCl) 1.544

Indices of Refractiona

Table 35.1

a All values are for light having a wavelength of 589 nm in vacuum.

Index of refraction

▲ PITFALL PREVENTION 
35.2 n Is Not an Integer

Here
We have seen n used several
times as an integer, such as in
Chapter 18 to indicate the stand-
ing wave mode on a string or in
an air column. The index of
refraction n is not an integer.

Gases at 0°C, 1 atm
Air 1.000 293
Carbon dioxide 1.000 45
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incident on the boundary between medium 1 and medium 2. The frequency with
which the waves pass an observer at point B in medium 2 must equal the frequency
at which they pass point A. If this were not the case, then energy would be piling up
at the boundary. Because there is no mechanism for this to occur, the frequency
must be a constant as a light ray passes from one medium into another. Therefore,
because the relationship v ! f " (Eq. 16.12) must be valid in both media and
because f 1 ! f 2 ! f , we see that

v1 ! f "1 and v 2 ! f "2 (35.5)

Because v1 ! v2, it follows that "1 ! "2.
We can obtain a relationship between index of refraction and wavelength by

dividing the first Equation 35.5 by the second and then using Equation 35.4:

(35.6)

This gives

"1n1 ! "2n2

If medium 1 is vacuum, or for all practical purposes air, then n1 ! 1. Hence, it follows
from Equation 35.6 that the index of refraction of any medium can be expressed as the
ratio

(35.7)

where " is the wavelength of light in vacuum and "n is the wavelength of light in
the medium whose index of refraction is n. From Equation 35.7, we see that because
n # 1, "n $ ".

We are now in a position to express Equation 35.3 in an alternative form.
If we replace the v2/v1 term in Equation 35.3 with n1/n 2 from Equation 35.6, we
obtain

(35.8)

The experimental discovery of this relationship is usually credited to Willebrord Snell
(1591–1627) and is therefore known as Snell’s law of refraction. We shall examine
this equation further in Sections 35.6 and 35.9.

n1 sin % 1 ! n2 sin % 2

n !
"

"n

"1

"2
!

v1

v2
!

c/n1

c/n2
!

n2

n1
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Snell’s law of refraction

▲ PITFALL PREVENTION 
35.3 An Inverse

Relationship
The index of refraction is
inversely proportional to the wave
speed. As the wave speed v
decreases, the index of refraction
n increases. Thus, the higher the
index of refraction of a material,
the more it slows down light from
its speed in vacuum. The more
the light slows down, the more %2
differs from %1 in Equation 35.8.

Quick Quiz 35.3 Light passes from a material with index of refraction
1.3 into one with index of refraction 1.2. Compared to the incident ray, the
refracted ray (a) bends toward the normal (b) is undeflected (c) bends away from
the normal.

Quick Quiz 35.4 As light from the Sun enters the atmosphere, it refracts
due to the small difference between the speeds of light in air and in vacuum. The
optical length of the day is defined as the time interval between the instant when the
top of the Sun is just visibly observed above the horizon to the instant at which the top
of the Sun just disappears below the horizon. The geometric length of the day is defined
as the time interval between the instant when a geometric straight line drawn from the
observer to the top of the Sun just clears the horizon to the instant at which this line
just dips below the horizon. Which is longer, (a) the optical length of a day, or
(b) the geometric length of a day?
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Relationship between index of refraction and wavelength 
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12.5 Images Formed by Flat Mirrors

Images are classified as real or virtual

Real image ☛ formed when light rays 

1127

This chapter is concerned with the images that result when light rays encounter flat
and curved surfaces. We find that images can be formed either by reflection or by
refraction and that we can design mirrors and lenses to form images with desired char-
acteristics. We continue to use the ray approximation and to assume that light travels
in straight lines. Both of these steps lead to valid predictions in the field called geometric
optics. In subsequent chapters, we shall concern ourselves with interference and diffrac-
tion effects—the objects of study in the field of wave optics.

36.1 Images Formed by Flat Mirrors

We begin by considering the simplest possible mirror, the flat mirror. Consider a
point source of light placed at O in Figure 36.1, a distance p in front of a flat mirror.
The distance p is called the object distance. Light rays leave the source and are
reflected from the mirror. Upon reflection, the rays continue to diverge (spread
apart). The dashed lines in Figure 36.1 are extensions of the diverging rays back to a
point of intersection at I. The diverging rays appear to the viewer to come from the
point I behind the mirror. Point I is called the image of the object at O. Regardless
of the system under study, we always locate images by extending diverging rays back
to a point at which they intersect. Images are located either at a point from
which rays of light actually diverge or at a point from which they appear to
diverge. Because the rays in Figure 36.1 appear to originate at I, which is a distance
q behind the mirror, this is the location of the image. The distance q is called the
image distance.

Images are classified as real or virtual. A real image is formed when light rays
pass through and diverge from the image point; a virtual image is formed when
the light rays do not pass through the image point but only appear to diverge
from that point. The image formed by the mirror in Figure 36.1 is virtual. The image
of an object seen in a flat mirror is always virtual. Real images can be displayed on a

Mirror

O I

qp

Figure 36.1 An image formed by reflection from a flat
mirror. The image point I is located behind the mirror a
perpendicular distance q from the mirror (the image
distance). The image distance has the same magnitude as
the object distance p. 
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Figure 36.1 An image formed by reflection from a flat
mirror. The image point I is located behind the mirror a
perpendicular distance q from the mirror (the image
distance). The image distance has the same magnitude as
the object distance p. 

screen (as at a movie), but virtual images cannot be displayed on a screen. We shall see
an example of a real image in Section 36.2.

We can use the simple geometry in Figure 36.2 to examine the properties of the
images of extended objects formed by flat mirrors. Even though there are an infinite
number of choices of direction in which light rays could leave each point on the object,
we need to choose only two rays to determine where an image is formed. One of those
rays starts at P, follows a horizontal path to the mirror, and reflects back on itself. The
second ray follows the oblique path PR and reflects as shown, according to the law of
reflection. An observer in front of the mirror would trace the two reflected rays back to
the point at which they appear to have originated, which is point P! behind the mirror. A
continuation of this process for points other than P on the object would result in a virtual
image (represented by a yellow arrow) behind the mirror. Because triangles PQR and
P !QR are congruent, PQ " P !Q. We conclude that the image formed by an object
placed in front of a flat mirror is as far behind the mirror as the object is in front
of the mirror.

Geometry also reveals that the object height h equals the image height h!. Let us
define lateral magnification M of an image as follows:

(36.1)

This is a general definition of the lateral magnification for an image from any type of
mirror. (This equation is also valid for images formed by lenses, which we study in
Section 36.4.) For a flat mirror, M " 1 for any image because h! " h.

Finally, note that a flat mirror produces an image that has an apparent left–right
reversal. You can see this reversal by standing in front of a mirror and raising your right
hand, as shown in Figure 36.3. The image you see raises its left hand. Likewise, your
hair appears to be parted on the side opposite your real part, and a mole on your right
cheek appears to be on your left cheek.

This reversal is not actually a left–right reversal. Imagine, for example, lying on your
left side on the floor, with your body parallel to the mirror surface. Now your head is on
the left and your feet are on the right. If you shake your feet, the image does not shake its
head! If you raise your right hand, however, the image again raises its left hand. Thus, the
mirror again appears to produce a left–right reversal but in the up–down direction!

The reversal is actually a front–back reversal, caused by the light rays going forward
toward the mirror and then reflecting back from it. An interesting exercise is to stand
in front of a mirror while holding an overhead transparency in front of you so that you
can read the writing on the transparency. You will also be able to read the writing on
the image of the transparency. You may have had a similar experience if you have
attached a transparent decal with words on it to the rear window of your car. If the

M ! 
Image height
Object height

"
h!

h
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▲ PITFALL PREVENTION 
36.1 Magnification Does

Not Necessarily
Imply Enlargement

For optical elements other than
flat mirrors, the magnification
defined in Equation 36.1 can
result in a number with magni-
tude larger or smaller than 1.
Thus, despite the cultural usage
of the word magnification to mean
enlargement, the image could be
smaller than the object. 

Lateral magnification

Object θ
θh R

QP P ′

Image

p q

h′

Active Figure 36.2 A geometric
construction that is used to locate
the image of an object placed in
front of a flat mirror. Because the
triangles PQR and P!QR are con-
gruent, and h " h!.

At the Active Figures link
at http://www.pse6.com, you
can move the object and see
the effect on the image.

" p " " " q "

Figure 36.3 The image in the mirror of a person’s right hand is reversed front to back.
This makes the right hand appear to be a left hand. Notice that the thumb is on the left
side of both real hands and on the left side of the image. That the thumb is not on the
right side of the image indicates that there is no left-to-right reversal.
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don’t pass through image point

Real images can be displayed on screen (e.g. movie)
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screen (as at a movie), but virtual images cannot be displayed on a screen. We shall see
an example of a real image in Section 36.2.

We can use the simple geometry in Figure 36.2 to examine the properties of the
images of extended objects formed by flat mirrors. Even though there are an infinite
number of choices of direction in which light rays could leave each point on the object,
we need to choose only two rays to determine where an image is formed. One of those
rays starts at P, follows a horizontal path to the mirror, and reflects back on itself. The
second ray follows the oblique path PR and reflects as shown, according to the law of
reflection. An observer in front of the mirror would trace the two reflected rays back to
the point at which they appear to have originated, which is point P! behind the mirror. A
continuation of this process for points other than P on the object would result in a virtual
image (represented by a yellow arrow) behind the mirror. Because triangles PQR and
P !QR are congruent, PQ " P !Q. We conclude that the image formed by an object
placed in front of a flat mirror is as far behind the mirror as the object is in front
of the mirror.

Geometry also reveals that the object height h equals the image height h!. Let us
define lateral magnification M of an image as follows:

(36.1)

This is a general definition of the lateral magnification for an image from any type of
mirror. (This equation is also valid for images formed by lenses, which we study in
Section 36.4.) For a flat mirror, M " 1 for any image because h! " h.

Finally, note that a flat mirror produces an image that has an apparent left–right
reversal. You can see this reversal by standing in front of a mirror and raising your right
hand, as shown in Figure 36.3. The image you see raises its left hand. Likewise, your
hair appears to be parted on the side opposite your real part, and a mole on your right
cheek appears to be on your left cheek.

This reversal is not actually a left–right reversal. Imagine, for example, lying on your
left side on the floor, with your body parallel to the mirror surface. Now your head is on
the left and your feet are on the right. If you shake your feet, the image does not shake its
head! If you raise your right hand, however, the image again raises its left hand. Thus, the
mirror again appears to produce a left–right reversal but in the up–down direction!

The reversal is actually a front–back reversal, caused by the light rays going forward
toward the mirror and then reflecting back from it. An interesting exercise is to stand
in front of a mirror while holding an overhead transparency in front of you so that you
can read the writing on the transparency. You will also be able to read the writing on
the image of the transparency. You may have had a similar experience if you have
attached a transparent decal with words on it to the rear window of your car. If the
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screen (as at a movie), but virtual images cannot be displayed on a screen. We shall see
an example of a real image in Section 36.2.

We can use the simple geometry in Figure 36.2 to examine the properties of the
images of extended objects formed by flat mirrors. Even though there are an infinite
number of choices of direction in which light rays could leave each point on the object,
we need to choose only two rays to determine where an image is formed. One of those
rays starts at P, follows a horizontal path to the mirror, and reflects back on itself. The
second ray follows the oblique path PR and reflects as shown, according to the law of
reflection. An observer in front of the mirror would trace the two reflected rays back to
the point at which they appear to have originated, which is point P! behind the mirror. A
continuation of this process for points other than P on the object would result in a virtual
image (represented by a yellow arrow) behind the mirror. Because triangles PQR and
P !QR are congruent, PQ " P !Q. We conclude that the image formed by an object
placed in front of a flat mirror is as far behind the mirror as the object is in front
of the mirror.

Geometry also reveals that the object height h equals the image height h!. Let us
define lateral magnification M of an image as follows:

(36.1)

This is a general definition of the lateral magnification for an image from any type of
mirror. (This equation is also valid for images formed by lenses, which we study in
Section 36.4.) For a flat mirror, M " 1 for any image because h! " h.

Finally, note that a flat mirror produces an image that has an apparent left–right
reversal. You can see this reversal by standing in front of a mirror and raising your right
hand, as shown in Figure 36.3. The image you see raises its left hand. Likewise, your
hair appears to be parted on the side opposite your real part, and a mole on your right
cheek appears to be on your left cheek.

This reversal is not actually a left–right reversal. Imagine, for example, lying on your
left side on the floor, with your body parallel to the mirror surface. Now your head is on
the left and your feet are on the right. If you shake your feet, the image does not shake its
head! If you raise your right hand, however, the image again raises its left hand. Thus, the
mirror again appears to produce a left–right reversal but in the up–down direction!

The reversal is actually a front–back reversal, caused by the light rays going forward
toward the mirror and then reflecting back from it. An interesting exercise is to stand
in front of a mirror while holding an overhead transparency in front of you so that you
can read the writing on the transparency. You will also be able to read the writing on
the image of the transparency. You may have had a similar experience if you have
attached a transparent decal with words on it to the rear window of your car. If the
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▲ PITFALL PREVENTION 
36.1 Magnification Does

Not Necessarily
Imply Enlargement

For optical elements other than
flat mirrors, the magnification
defined in Equation 36.1 can
result in a number with magni-
tude larger or smaller than 1.
Thus, despite the cultural usage
of the word magnification to mean
enlargement, the image could be
smaller than the object. 

Lateral magnification

Object θ
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Active Figure 36.2 A geometric
construction that is used to locate
the image of an object placed in
front of a flat mirror. Because the
triangles PQR and P!QR are con-
gruent, and h " h!.

At the Active Figures link
at http://www.pse6.com, you
can move the object and see
the effect on the image.

" p " " " q "

Figure 36.3 The image in the mirror of a person’s right hand is reversed front to back.
This makes the right hand appear to be a left hand. Notice that the thumb is on the left
side of both real hands and on the left side of the image. That the thumb is not on the
right side of the image indicates that there is no left-to-right reversal.
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head! If you raise your right hand, however, the image again raises its left hand. Thus, the
mirror again appears to produce a left–right reversal but in the up–down direction!

The reversal is actually a front–back reversal, caused by the light rays going forward
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toward the mirror and then reflecting back from it. An interesting exercise is to stand
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can read the writing on the transparency. You will also be able to read the writing on
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12.6 Images Formed by Spherical Mirrors

Concave Mirror

Spherical mirror has shape of section of sphere

Mirror has a radius of curvature and its center of curvature is pointR C

line through and CV

36.2 Images Formed by Spherical Mirrors

Concave Mirrors

A spherical mirror, as its name implies, has the shape of a section of a sphere. This
type of mirror focuses incoming parallel rays to a point, as demonstrated by the col-
ored light rays in Figure 36.8. Figure 36.9a shows a cross section of a spherical mirror,
with its surface represented by the solid, curved black line. (The blue band represents
the structural support for the mirrored surface, such as a curved piece of glass on
which the silvered surface is deposited.) Such a mirror, in which light is reflected from
the inner, concave surface, is called a concave mirror. The mirror has a radius of cur-
vature R, and its center of curvature is point C. Point V is the center of the spherical
section, and a line through C and V is called the principal axis of the mirror.

Now consider a point source of light placed at point O in Figure 36.9b, where O is
any point on the principal axis to the left of C. Two diverging rays that originate at O
are shown. After reflecting from the mirror, these rays converge and cross at the image
point I. They then continue to diverge from I as if an object were there. As a result, at
point I we have a real image of the light source at O.
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Figure 36.8 Red, blue, and green light rays
are reflected by a curved mirror. Note that
the three colored beams meet at a point.
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Figure 36.9 (a) A concave mirror of radius R . The center of curvature C is located on
the principal axis. (b) A point object placed at O in front of a concave spherical mirror
of radius R, where O is any point on the principal axis farther than R from the mirror
surface, forms a real image at I. If the rays diverge from O at small angles, they all
reflect through the same image point.
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A spherical mirror, as its name implies, has the shape of a section of a sphere. This
type of mirror focuses incoming parallel rays to a point, as demonstrated by the col-
ored light rays in Figure 36.8. Figure 36.9a shows a cross section of a spherical mirror,
with its surface represented by the solid, curved black line. (The blue band represents
the structural support for the mirrored surface, such as a curved piece of glass on
which the silvered surface is deposited.) Such a mirror, in which light is reflected from
the inner, concave surface, is called a concave mirror. The mirror has a radius of cur-
vature R, and its center of curvature is point C. Point V is the center of the spherical
section, and a line through C and V is called the principal axis of the mirror.

Now consider a point source of light placed at point O in Figure 36.9b, where O is
any point on the principal axis to the left of C. Two diverging rays that originate at O
are shown. After reflecting from the mirror, these rays converge and cross at the image
point I. They then continue to diverge from I as if an object were there. As a result, at
point I we have a real image of the light source at O.
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are reflected by a curved mirror. Note that
the three colored beams meet at a point.
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Figure 36.9 (a) A concave mirror of radius R . The center of curvature C is located on
the principal axis. (b) A point object placed at O in front of a concave spherical mirror
of radius R, where O is any point on the principal axis farther than R from the mirror
surface, forms a real image at I. If the rays diverge from O at small angles, they all
reflect through the same image point.
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principal axis of mirror ☛

Convex Mirror

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.

Front, or
real, side

Reflected light

Back, or
virtual, side

p and q negative

No light

p and q positive

Incident light

Convex or
concave mirror

Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Image in convex mirror is virtual                                                                  
because reflected rays only appear to originate at image point

Image is always upright and smaller than object
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We shall consider in this section only rays that diverge from the object and make a
small angle with the principal axis. Such rays are called paraxial rays. All paraxial rays
reflect through the image point, as shown in Figure 36.9b. Rays that are far from the
principal axis, such as those shown in Figure 36.10, converge to other points on the
principal axis, producing a blurred image. This effect, which is called spherical aberra-
tion, is present to some extent for any spherical mirror and is discussed in Section 36.5.

We can use Figure 36.11 to calculate the image distance q from a knowledge of the
object distance p and radius of curvature R . By convention, these distances are mea-
sured from point V. Figure 36.11 shows two rays leaving the tip of the object. One of
these rays passes through the center of curvature C of the mirror, hitting the mirror
perpendicular to the mirror surface and reflecting back on itself. The second ray
strikes the mirror at its center (point V ) and reflects as shown, obeying the law of
reflection. The image of the tip of the arrow is located at the point where these two
rays intersect. From the gold right triangle in Figure 36.11, we see that tan! " h/p,
and from the blue right triangle we see that tan! " # h$/q. The negative sign is intro-
duced because the image is inverted, so h$ is taken to be negative. Thus, from Equation
36.1 and these results, we find that the magnification of the image is

(36.2)

We also note from the two triangles in Figure 36.11 that have % as one angle that

from which we find that

(36.3)

If we compare Equations 36.2 and 36.3, we see that

Simple algebra reduces this to

(36.4)

This expression is called the mirror equation.
If the object is very far from the mirror—that is, if p is so much greater than R

that p can be said to approach infinity—then 1/p ! 0, and we see from Equation
36.4 that q ! R/2. That is, when the object is very far from the mirror, the image
point is halfway between the center of curvature and the center point on the mirror,
as shown in Figure 36.12a. The incoming rays from the object are essentially parallel
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Figure 36.10 Rays diverging from
the object at large angles from the
principal axis reflect from a
spherical concave mirror to
intersect the principal axis at
different points, resulting in a
blurred image. This condition is
called spherical aberration.
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Figure 36.11 The image
formed by a spherical concave
mirror when the object O lies
outside the center of curvature
C. This geometric construction
is used to derive Equation 36.4.

Mirror equation in terms of
radius of curvature
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reflection. The image of the tip of the arrow is located at the point where these two
rays intersect. From the gold right triangle in Figure 36.11, we see that tan! " h/p,
and from the blue right triangle we see that tan! " # h$/q. The negative sign is intro-
duced because the image is inverted, so h$ is taken to be negative. Thus, from Equation
36.1 and these results, we find that the magnification of the image is
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that p can be said to approach infinity—then 1/p ! 0, and we see from Equation
36.4 that q ! R/2. That is, when the object is very far from the mirror, the image
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as shown in Figure 36.12a. The incoming rays from the object are essentially parallel

1
p

&
1
q

"
2
R

R # q
p # R

"
q
p

h$

h
" #

R # q
p # R

tan % "
h

p # R
  and  tan % " #

h$

R # q

M "
h$

h
" #

q
p

1132 C H A P T E R  3 6 •  Image Formation

Figure 36.10 Rays diverging from
the object at large angles from the
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spherical concave mirror to
intersect the principal axis at
different points, resulting in a
blurred image. This condition is
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Negative sign is introduced because image is inverted so     is taken to be negative

 Image of tip of arrow is located at point where these two rays intersect

Second ray strikes mirror at     and reflects

First ray passes through center of curvature    of mirror                      

Consider two rays leaving tip of object

Calculate image distance    

By convention these distances are measured from center point

q

p Rand radius of curvature

V

C

V

tan ✓ = h/p tan ✓ = �h0/qand 

h0

obeying law of reflection
hitting mirror perpendicular to mirror surface and reflecting back on itself

from knowledge of object distance 
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Magnification of image is
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in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.

Focal length

Mirror equation in terms of focal
length
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in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.
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We shall consider in this section only rays that diverge from the object and make a
small angle with the principal axis. Such rays are called paraxial rays. All paraxial rays
reflect through the image point, as shown in Figure 36.9b. Rays that are far from the
principal axis, such as those shown in Figure 36.10, converge to other points on the
principal axis, producing a blurred image. This effect, which is called spherical aberra-
tion, is present to some extent for any spherical mirror and is discussed in Section 36.5.

We can use Figure 36.11 to calculate the image distance q from a knowledge of the
object distance p and radius of curvature R . By convention, these distances are mea-
sured from point V. Figure 36.11 shows two rays leaving the tip of the object. One of
these rays passes through the center of curvature C of the mirror, hitting the mirror
perpendicular to the mirror surface and reflecting back on itself. The second ray
strikes the mirror at its center (point V ) and reflects as shown, obeying the law of
reflection. The image of the tip of the arrow is located at the point where these two
rays intersect. From the gold right triangle in Figure 36.11, we see that tan! " h/p,
and from the blue right triangle we see that tan! " # h$/q. The negative sign is intro-
duced because the image is inverted, so h$ is taken to be negative. Thus, from Equation
36.1 and these results, we find that the magnification of the image is

(36.2)

We also note from the two triangles in Figure 36.11 that have % as one angle that

from which we find that

(36.3)

If we compare Equations 36.2 and 36.3, we see that

Simple algebra reduces this to

(36.4)

This expression is called the mirror equation.
If the object is very far from the mirror—that is, if p is so much greater than R

that p can be said to approach infinity—then 1/p ! 0, and we see from Equation
36.4 that q ! R/2. That is, when the object is very far from the mirror, the image
point is halfway between the center of curvature and the center point on the mirror,
as shown in Figure 36.12a. The incoming rays from the object are essentially parallel
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Figure 36.10 Rays diverging from
the object at large angles from the
principal axis reflect from a
spherical concave mirror to
intersect the principal axis at
different points, resulting in a
blurred image. This condition is
called spherical aberration.
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Figure 36.11 The image
formed by a spherical concave
mirror when the object O lies
outside the center of curvature
C. This geometric construction
is used to derive Equation 36.4.

Mirror equation in terms of
radius of curvature

in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.
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in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.
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in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.
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We shall consider in this section only rays that diverge from the object and make a
small angle with the principal axis. Such rays are called paraxial rays. All paraxial rays
reflect through the image point, as shown in Figure 36.9b. Rays that are far from the
principal axis, such as those shown in Figure 36.10, converge to other points on the
principal axis, producing a blurred image. This effect, which is called spherical aberra-
tion, is present to some extent for any spherical mirror and is discussed in Section 36.5.

We can use Figure 36.11 to calculate the image distance q from a knowledge of the
object distance p and radius of curvature R . By convention, these distances are mea-
sured from point V. Figure 36.11 shows two rays leaving the tip of the object. One of
these rays passes through the center of curvature C of the mirror, hitting the mirror
perpendicular to the mirror surface and reflecting back on itself. The second ray
strikes the mirror at its center (point V ) and reflects as shown, obeying the law of
reflection. The image of the tip of the arrow is located at the point where these two
rays intersect. From the gold right triangle in Figure 36.11, we see that tan! " h/p,
and from the blue right triangle we see that tan! " # h$/q. The negative sign is intro-
duced because the image is inverted, so h$ is taken to be negative. Thus, from Equation
36.1 and these results, we find that the magnification of the image is

(36.2)

We also note from the two triangles in Figure 36.11 that have % as one angle that

from which we find that

(36.3)

If we compare Equations 36.2 and 36.3, we see that

Simple algebra reduces this to

(36.4)

This expression is called the mirror equation.
If the object is very far from the mirror—that is, if p is so much greater than R

that p can be said to approach infinity—then 1/p ! 0, and we see from Equation
36.4 that q ! R/2. That is, when the object is very far from the mirror, the image
point is halfway between the center of curvature and the center point on the mirror,
as shown in Figure 36.12a. The incoming rays from the object are essentially parallel
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Figure 36.10 Rays diverging from
the object at large angles from the
principal axis reflect from a
spherical concave mirror to
intersect the principal axis at
different points, resulting in a
blurred image. This condition is
called spherical aberration.
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Figure 36.11 The image
formed by a spherical concave
mirror when the object O lies
outside the center of curvature
C. This geometric construction
is used to derive Equation 36.4.

Mirror equation in terms of
radius of curvature

in this figure because the source is assumed to be very far from the mirror. We call
the image point in this special case the focal point F and the image distance the
focal length f, where

(36.5)

In Figure 36.8, the colored beams are traveling parallel to the principal axis and the
mirror reflects all three beams to the focal point. Notice that the point at which the
three beams intersect and the colors add is white. 

Focal length is a parameter particular to a given mirror and therefore can be used
to compare one mirror with another. The mirror equation can be expressed in terms
of the focal length:

(36.6)

Notice that the focal length of a mirror depends only on the curvature of the mirror
and not on the material from which the mirror is made. This is because the formation
of the image results from rays reflected from the surface of the material. The situation
is different for lenses; in that case the light actually passes through the material and
the focal length depends on the type of material from which the lens is made.
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Figure 36.12 (a) Light rays from a distant object (p : #) reflect from a concave
mirror through the focal point F. In this case, the image distance q ! R/2 " f, where
f is the focal length of the mirror. (b) Reflection of parallel rays from a concave mirror.

▲ PITFALL PREVENTION 
36.2 The Focal Point Is

Not the Focus Point
The focal point is usually not the
point at which the light rays focus
to form an image. The focal
point is determined solely by the
curvature of the mirror—it does
not depend on the location of
the object at all. In general, an
image forms at a point different
from the focal point of a mirror
(or a lens). The only exception is
when the object is located infi-
nitely far away from the mirror. 

A satellite-dish antenna is a concave reflector for televi-
sion signals from a satellite in orbit around the Earth. The
signals are carried by microwaves that, because the
satellite is so far away, are parallel when they arrive at the
dish. These waves reflect from the dish and are focused
on the receiver at the focal point of the dish.
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When object is very far from mirror                                                   
image point is halfway between center of curvature and center point on mirror 

Image point in this special case is @ focal point F

fand image distance is focal length

f =
R

2

Focal length is parameter particular to given mirror 
and can be used to compare one mirror to another

Mirror equation can be expressed in terms of focal length
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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At the Active Figures link
at http://www.pse6.com, you
can move the objects and
change the focal length of the
mirrors to see the effect on the
images.

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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at http://www.pse6.com, you
can move the objects and
change the focal length of the
mirrors to see the effect on the
images.

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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At the Active Figures link
at http://www.pse6.com, you
can move the objects and
change the focal length of the
mirrors to see the effect on the
images.

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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At the Active Figures link
at http://www.pse6.com, you
can move the objects and
change the focal length of the
mirrors to see the effect on the
images.

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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Active Figure 36.15 Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles. (a) When the object is located so that the center
of curvature lies between the object and a concave mirror surface, the image is real,
inverted, and reduced in size. (b) When the object is located between the focal point
and a concave mirror surface, the image is virtual, upright, and enlarged. (c) When the
object is in front of a convex mirror, the image is virtual, upright, and reduced in size.
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At the Active Figures link
at http://www.pse6.com, you
can move the objects and
change the focal length of the
mirrors to see the effect on the
images.

Convex Mirrors

Figure 36.13 shows the formation of an image by a convex mirror—that is, one
silvered so that light is reflected from the outer, convex surface. This is sometimes
called a diverging mirror because the rays from any point on an object diverge after
reflection as though they were coming from some point behind the mirror. The image
in Figure 36.13 is virtual because the reflected rays only appear to originate at the
image point, as indicated by the dashed lines. Furthermore, the image is always upright
and smaller than the object. This type of mirror is often used in stores to foil
shoplifters. A single mirror can be used to survey a large field of view because it forms a
smaller image of the interior of the store.

We do not derive any equations for convex spherical mirrors because we can use
Equations 36.2, 36.4, and 36.6 for either concave or convex mirrors if we adhere to
the following procedure. Let us refer to the region in which light rays move toward the
mirror as the front side of the mirror, and the other side as the back side. For example, in
Figures 36.11 and 36.13, the side to the left of the mirrors is the front side, and the
side to the right of the mirrors is the back side. Figure 36.14 states the sign conventions
for object and image distances, and Table 36.1 summarizes the sign conventions for all
quantities.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined with ray diagrams. These graphical constructions reveal the nature of the
image and can be used to check results calculated from the mirror and magnifica-
tion equations. To draw a ray diagram, we need to know the position of the object
and the locations of the mirror’s focal point and center of curvature. We then draw
three principal rays to locate the image, as shown by the examples in Figure 36.15.
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Figure 36.13 Formation of an image by a spherical convex mirror. The image formed
by the real object is virtual and upright.
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Figure 36.14 Signs of p and q for
convex and concave mirrors.

▲ PITFALL PREVENTION 
36.3 Watch Your Signs
Success in working mirror
problems (as well as problems
involving refracting surfaces and
thin lenses) is largely determined
by proper sign choices when
substituting into the equations.
The best way to become adept at
this is to work a multitude of
problems on your own. Watching
your instructor or reading 
the example problems is no
substitute for practice.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back
mirror (real object) of mirror (virtual object)

Image location (q) Image is in front of Image is in back of
mirror (real image) mirror (virtual image)

Image height (h!) Image is upright Image is inverted
Focal length (f )  Mirror is concave Mirror is convex

and radius (R)
Magnification (M) Image is upright Image is inverted

Sign Conventions for Mirrors

Table 36.1
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How Light Works Ray optics

Geometry tells us (if walls are parallel) that q2 = q3
This means sin q2 = sin q3
So n1 sin qin = n2 sin q2 = n2 sin q3 = n1 sin qout
This means (compare far left with far right of equation)

sin qin = sin qout + which says qin = qout

S E C T I O N  3 5 . 6 •  Huygens’s Principle 1107

Figure 35.16 (Example 35.6) (a) When light passes through a flat slab of material, the
emerging beam is parallel to the incident beam, and therefore !1 " !3. The dashed
line drawn parallel to the ray coming out the bottom of the slab represents the path the
light would take if the slab were not there. (b) A magnification of the area of the light
path inside the slab.

Explore refraction through slabs of various thicknesses at the Interactive Worked Example link at http://www.pse6.com.

What If? What if the thickness t of the slab is doubled?
Does the offset distance d also double?

Answer Consider the magnification of the area of the light
path within the slab in Figure 35.16b. The distance a is the
hypotenuse of two right triangles. From the gold triangle,
we see

and from the blue triangle,

a "
t

cos ! 2

d " a sin # " a sin(!1 $ !2)

Combining these equations, we have

For a given incident angle !1, the refracted angle !2 is deter-
mined solely by the index of refraction, so the offset
distance d is proportional to t. If the thickness doubles, so
does the offset distance.

d "
t

cos ! 2
 sin(! 1 $ ! 2)

35.6 Huygens’s Principle

In this section, we develop the laws of reflection and refraction by using a geometric
method proposed by Huygens in 1678. Huygens’s principle is a geometric construc-
tion for using knowledge of an earlier wave front to determine the position of a new
wave front at some instant. In Huygens’s construction,

all points on a given wave front are taken as point sources for the production of
spherical secondary waves, called wavelets, which propagate outward through
a medium with speeds characteristic of waves in that medium. After some time interval
has passed, the new position of the wave front is the surface tangent to the wavelets.

First, consider a plane wave moving through free space, as shown in Figure 35.17a.
At t " 0, the wave front is indicated by the plane labeled AA%. In Huygens’s construc-
tion, each point on this wave front is considered a point source. For clarity, only three
points on AA% are shown. With these points as sources for the wavelets, we draw circles,
each of radius c &t , where c is the speed of light in vacuum and &t is some time interval
during which the wave propagates. The surface drawn tangent to these wavelets is the
plane BB%, which is the wave front at a later time, and is parallel to AA%. In a similar
manner, Figure 35.17b shows Huygens’s construction for a spherical wave.

▲ PITFALL PREVENTION 
35.4 Of What Use Is

Huygens’s Principle?
At this point, the importance of
Huygens’s principle may not be
evident. Predicting the position
of a future wave front may not
seem to be very critical. However,
we will use Huygens’s principle in
later chapters to explain addi-
tional wave phenomena for light.
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How Light Works Ray optics

What if you have glass with walls that are not parallel?

This is idea behind lenses

As light enters + it is bent and rays come out different
depending on where and how they strike

Focal length of optical system
measures of how strongly system converges or diverges

light

For optical system in air + focal length is distance over which
initially collimated (parallel) rays are brought to a focus

Lens geometry usually looks complicated (and it is!)
but for thin lenses + result is relatively simple

1
object distance

+
1

image distance
=

1
focal length

L. A. Anchordoqui (CUNY) Conceptual Physics 10-3-2017 16 / 20

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:

M !
h"

h
! #

q
p

S E C T I O N  3 6 . 4 •  Thin Lenses 1145

(a)

(b)

Convex–
concave

Convex–
concave

Plano–
concave

Plano–
convex

Biconvex

Biconcave

Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

33Thursday, May 5, 16

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.
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36.3 Images Formed by Refraction

In this section we describe how images are formed when light rays are refracted at the
boundary between two transparent materials. Consider two transparent media having
indices of refraction n1 and n2, where the boundary between the two media is a spheri-
cal surface of radius R (Fig. 36.18). We assume that the object at O is in the medium
for which the index of refraction is n1. Let us consider the paraxial rays leaving O. As
we shall see, all such rays are refracted at the spherical surface and focus at a single
point I, the image point.

Figure 36.19 shows a single ray leaving point O and refracting to point I. Snell’s law
of refraction applied to this ray gives

Because !1 and !2 are assumed to be small, we can use the small-angle approximation
sin ! ! ! (with angles in radians) and say that

Now we use the fact that an exterior angle of any triangle equals the sum of the two
opposite interior angles. Applying this rule to triangles OPC and PIC in Figure 36.19 gives

" # ! 2 $ %

! 1 # & $ "

n1! 1 # n2! 2

n1 sin ! 1 # n2 sin ! 2
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The negative value of q indicates that her image is virtual, or
behind the mirror, as shown in Figure 36.15c.

(B) The magnification of the image is

The image is much smaller than the woman, and it is
upright because M is positive.
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Figure 36.17 (Example 36.5) Convex mirrors, often used 
for security in department stores, provide wide-angle 
viewing.

Investigate the image formed for various object positions and mirror focal lengths at the Interactive Worked Example link
at http://www.pse6.com.

n1 < n2

O I

p q

n2n1
R

Figure 36.18 An image formed by
refraction at a spherical surface. Rays
making small angles with the principal axis
diverge from a point object at O and are
refracted through the image point I.
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Images Formed by Refraction
Consider two transparent media having indices of refraction     and      

Object at     is in medium for which index of refraction is 

Consider rays leaving

all such rays are refracted at spherical surface and focus at single point  

 boundary between two media is a spherical surface of radius R
n1 n2

n1

O

O

I

image point
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An exterior angle of any triangle equals sum of two opposite interior angles

Applying this rule to triangles         and         gives

O

If we combine all three expressions and eliminate !1 and !2, we find that

(36.7)

From Figure 36.19, we see three right triangles that have a common vertical leg of
length d. For paraxial rays (unlike the relatively large-angle ray shown in Fig. 36.19),
the horizontal legs of these triangles are approximately p for the triangle containing
angle ", R for the triangle containing angle #, and q for the triangle containing angle
$. In the small-angle approximation, tan! ! !, so we can write the approximate rela-
tionships from these triangles as follows:

We substitute these expressions into Equation 36.7 and divide through by d to give

(36.8)

For a fixed object distance p, the image distance q is independent of the angle that the
ray makes with the axis. This result tells us that all paraxial rays focus at the same point I.

As with mirrors, we must use a sign convention if we are to apply this equation to a
variety of cases. We define the side of the surface in which light rays originate as the
front side. The other side is called the back side. Real images are formed by refraction
in back of the surface, in contrast with mirrors, where real images are formed in front
of the reflecting surface. Because of the difference in location of real images, the
refraction sign conventions for q and R are opposite the reflection sign conventions.
For example, q and R are both positive in Figure 36.19. The sign conventions for spher-
ical refracting surfaces are summarized in Table 36.2.

We derived Equation 36.8 from an assumption that n1 % n2 in Figure 36.19. This
assumption is not necessary, however. Equation 36.8 is valid regardless of which index
of refraction is greater.

n1

p
&

n2

q
'

n2 ( n1

R

tan " ! " !
d
p
  tan # ! # !

d
R
  tan $ ! $ !

d
q

n1" & n2$ ' (n2 ( n1)#
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Relation between object and
image distance for a refracting
surface

O

P

R

C

n1 n2

d

p q

γα β
I

θ1 θ2

Figure 36.19 Geometry used to derive Equation 36.8, assuming that n1 % n2.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back of 
surface (real object) surface (virtual object)

Image location (q) Image is in back of Image is in front of 
surface (real image) surface (virtual image)

Image height (h)) Image is upright Image is inverted
Radius (R) Center of curvature Center of curvature

is in back of surface is in front of surface

Sign Conventions for Refracting Surfaces

Table 36.2

If we combine all three expressions and eliminate !1 and !2, we find that

(36.7)

From Figure 36.19, we see three right triangles that have a common vertical leg of
length d. For paraxial rays (unlike the relatively large-angle ray shown in Fig. 36.19),
the horizontal legs of these triangles are approximately p for the triangle containing
angle ", R for the triangle containing angle #, and q for the triangle containing angle
$. In the small-angle approximation, tan! ! !, so we can write the approximate rela-
tionships from these triangles as follows:

We substitute these expressions into Equation 36.7 and divide through by d to give

(36.8)

For a fixed object distance p, the image distance q is independent of the angle that the
ray makes with the axis. This result tells us that all paraxial rays focus at the same point I.

As with mirrors, we must use a sign convention if we are to apply this equation to a
variety of cases. We define the side of the surface in which light rays originate as the
front side. The other side is called the back side. Real images are formed by refraction
in back of the surface, in contrast with mirrors, where real images are formed in front
of the reflecting surface. Because of the difference in location of real images, the
refraction sign conventions for q and R are opposite the reflection sign conventions.
For example, q and R are both positive in Figure 36.19. The sign conventions for spher-
ical refracting surfaces are summarized in Table 36.2.

We derived Equation 36.8 from an assumption that n1 % n2 in Figure 36.19. This
assumption is not necessary, however. Equation 36.8 is valid regardless of which index
of refraction is greater.
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image distance for a refracting
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Figure 36.19 Geometry used to derive Equation 36.8, assuming that n1 % n2.

Quantity Positive When Negative When

Object location (p) Object is in front of Object is in back of 
surface (real object) surface (virtual object)

Image location (q) Image is in back of Image is in front of 
surface (real image) surface (virtual image)

Image height (h)) Image is upright Image is inverted
Radius (R) Center of curvature Center of curvature

is in back of surface is in front of surface

Sign Conventions for Refracting Surfaces

Table 36.2
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ISingle ray leaving point     and refracting to point

Snell’s law of refraction applied to this ray gives

Because are assumed to be small we can use small-angle approximation
n1 sin ✓1 = n2 sin ✓2

n1 ✓1 = n2 ✓2

✓1 ✓2and

✓1 = ↵ + � � = ✓2 + �

OPC PIC
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If we combine all three expressions and eliminate    and    ✓1 ✓2

n1 ↵ + n2 � = (n2 � n1)�
In small-angle approximation

substitute these expressions and divide through by   to give valuable equation

For a fixed object distance    image distance   
ray makes with axis

tan ↵ ⇡ ↵ ⇡ d

p
tan � ⇡ � ⇡ d

R
tan � ⇡ � ⇡ d

q

n1

p
+

n2

q
=

n2 � n1

R

tan ✓ ⇡ ✓

d

qp

is independent of angle that 

Eq. ($)

27Monday, April 16, 18



 Thin lenses

Light passing through a lens experiences refraction at two surfaces
image formed by one refracting surface serves as the object for second surface

Analyze thick lens first and then let thickness of lens be approximately zero

36.4 Thin Lenses

Lenses are commonly used to form images by refraction in optical instruments, such
as cameras, telescopes, and microscopes. We can use what we just learned about
images formed by refracting surfaces to help us locate the image formed by a lens.
We recognize that light passing through a lens experiences refraction at two
surfaces. The development we shall follow is based on the notion that the image
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3.0 cm

2.0 cm

q

n2
n1

n1 > n2

Figure 36.21 (Example 36.7) Light rays from a coin embedded
in a plastic sphere form a virtual image between the surface
of the object and the sphere surface. Because the object is inside
the sphere, the front of the refracting surface is the interior of
the sphere.

from Table 36.2 that R is negative, we obtain

The negative sign for q indicates that the image is in front of
the surface—in other words, in the same medium as the
object, as shown in Figure 36.21. Being in the same medium
as the object, the image must be virtual. (See Table 36.2.)
The coin appears to be closer to the paperweight surface
than it actually is.
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Example 36.8 The One That Got Away

The apparent height h$ of the fish is 

and the fish appears to be approximately three-fourths its
actual height.

 " 0.752h

h$ " q top ! q bottom " !0.752d ! [!0.752(d # h)]

A small fish is swimming at a depth d below the surface of a
pond (Fig. 36.22). What is the apparent depth of the fish, as
viewed from directly overhead?

Solution Because the refracting surface is flat, R is infinite.
Hence, we can use Equation 36.9 to determine the location
of the image with p " d. Using the indices of refraction
given in Figure 36.22, we obtain

Because q is negative, the image is virtual, as indicated by
the dashed lines in Figure 36.22. The apparent depth is
approximately three-fourths the actual depth.

What If? What if you look more carefully at the fish and
measure its apparent height, from its upper fin to its lower
fin? Is the apparent height h! of the fish different from the
actual height h?

Answer Because all points on the fish appear to be frac-
tionally closer to the observer, we would predict that the
height would be smaller. If we let the distance d in Figure
36.22 be measured to the top fin and the distance to the
bottom fin be d # h, then the images of the top and bottom
of the fish are located at

q bottom " !0.752(d # h)

q top " !0.752d

!0.752dq " !
n2

n1
 p " !

1.00
1.33

 d "

d

q

n2 = 1.00

n1 = 1.33

Figure 36.22 (Example 36.8) The apparent depth q of the
fish is less than the true depth d. All rays are assumed to be
paraxial.

formed by one refracting surface serves as the object for the second surface.
We shall analyze a thick lens first and then let the thickness of the lens be approxi-
mately zero.

Consider a lens having an index of refraction n and two spherical surfaces with
radii of curvature R1 and R2, as in Figure 36.23. (Note that R1 is the radius of curva-
ture of the lens surface that the light from the object reaches first and that R2 is the
radius of curvature of the other surface of the lens.) An object is placed at point O at a
distance p1 in front of surface 1. 

Let us begin with the image formed by surface 1. Using Equation 36.8 and assum-
ing that n1 ! 1 because the lens is surrounded by air, we find that the image I1 formed
by surface 1 satisfies the equation

(36.10)

where q 1 is the position of the image due to surface 1. If the image due to
surface 1 is virtual (Fig. 36.23a), q 1 is negative, and it is positive if the image is real
(Fig. 36.23b).

Now we apply Equation 36.8 to surface 2, taking n1 ! n and n 2 ! 1. (We make this
switch in index because the light rays approaching surface 2 are in the material of the
lens, and this material has index n.) Taking p 2 as the object distance for surface 2 and
q2 as the image distance gives

(36.11)

We now introduce mathematically the fact that the image formed by the first
surface acts as the object for the second surface. We do this by noting from Figure
36.23 that p2, measured from surface 2, is related to q1 as follows:

Virtual image from surface 1 (Fig. 36.23a): p2 ! " q1 # t (q1 is negative)

Real image from surface 1 (Fig. 36.23b): p2 ! " q1 # t (q1 is positive)

n
p 2

#
1
q 2

!
1 " n

R 2

1
p 1

#
n
q 1

!
n " 1

R 1
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t
p1

q1

p2

O

I1

C1

Surface 1

R1

n
Surface 2

R2

n1 = 1

t
p1

q1

O

C1

Surface 1

R1

n
Surface 2

R2

n1 = 1

p2

I1

(a)

(b)

Figure 36.23 To locate the image formed
by a lens, we use the virtual image at I1
formed by surface 1 as the object for the
image formed by surface 2. The point C1 is
the center of curvature of surface 1. (a) The
image due to surface 1 is virtual so that I1 is
to the left of the surface. (b) The image due
to surface 1 is real so that I1 is to the right of
the surface.
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36.4 Thin Lenses

Lenses are commonly used to form images by refraction in optical instruments, such
as cameras, telescopes, and microscopes. We can use what we just learned about
images formed by refracting surfaces to help us locate the image formed by a lens.
We recognize that light passing through a lens experiences refraction at two
surfaces. The development we shall follow is based on the notion that the image
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n1 > n2

Figure 36.21 (Example 36.7) Light rays from a coin embedded
in a plastic sphere form a virtual image between the surface
of the object and the sphere surface. Because the object is inside
the sphere, the front of the refracting surface is the interior of
the sphere.

from Table 36.2 that R is negative, we obtain

The negative sign for q indicates that the image is in front of
the surface—in other words, in the same medium as the
object, as shown in Figure 36.21. Being in the same medium
as the object, the image must be virtual. (See Table 36.2.)
The coin appears to be closer to the paperweight surface
than it actually is.
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Example 36.8 The One That Got Away

The apparent height h$ of the fish is 

and the fish appears to be approximately three-fourths its
actual height.

 " 0.752h

h$ " q top ! q bottom " !0.752d ! [!0.752(d # h)]

A small fish is swimming at a depth d below the surface of a
pond (Fig. 36.22). What is the apparent depth of the fish, as
viewed from directly overhead?

Solution Because the refracting surface is flat, R is infinite.
Hence, we can use Equation 36.9 to determine the location
of the image with p " d. Using the indices of refraction
given in Figure 36.22, we obtain

Because q is negative, the image is virtual, as indicated by
the dashed lines in Figure 36.22. The apparent depth is
approximately three-fourths the actual depth.

What If? What if you look more carefully at the fish and
measure its apparent height, from its upper fin to its lower
fin? Is the apparent height h! of the fish different from the
actual height h?

Answer Because all points on the fish appear to be frac-
tionally closer to the observer, we would predict that the
height would be smaller. If we let the distance d in Figure
36.22 be measured to the top fin and the distance to the
bottom fin be d # h, then the images of the top and bottom
of the fish are located at

q bottom " !0.752(d # h)

q top " !0.752d

!0.752dq " !
n2

n1
 p " !

1.00
1.33

 d "

d

q

n2 = 1.00

n1 = 1.33

Figure 36.22 (Example 36.8) The apparent depth q of the
fish is less than the true depth d. All rays are assumed to be
paraxial.

formed by one refracting surface serves as the object for the second surface.
We shall analyze a thick lens first and then let the thickness of the lens be approxi-
mately zero.

Consider a lens having an index of refraction n and two spherical surfaces with
radii of curvature R1 and R2, as in Figure 36.23. (Note that R1 is the radius of curva-
ture of the lens surface that the light from the object reaches first and that R2 is the
radius of curvature of the other surface of the lens.) An object is placed at point O at a
distance p1 in front of surface 1. 

Let us begin with the image formed by surface 1. Using Equation 36.8 and assum-
ing that n1 ! 1 because the lens is surrounded by air, we find that the image I1 formed
by surface 1 satisfies the equation

(36.10)

where q 1 is the position of the image due to surface 1. If the image due to
surface 1 is virtual (Fig. 36.23a), q 1 is negative, and it is positive if the image is real
(Fig. 36.23b).

Now we apply Equation 36.8 to surface 2, taking n1 ! n and n 2 ! 1. (We make this
switch in index because the light rays approaching surface 2 are in the material of the
lens, and this material has index n.) Taking p 2 as the object distance for surface 2 and
q2 as the image distance gives

(36.11)

We now introduce mathematically the fact that the image formed by the first
surface acts as the object for the second surface. We do this by noting from Figure
36.23 that p2, measured from surface 2, is related to q1 as follows:

Virtual image from surface 1 (Fig. 36.23a): p2 ! " q1 # t (q1 is negative)

Real image from surface 1 (Fig. 36.23b): p2 ! " q1 # t (q1 is positive)
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n
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Figure 36.23 To locate the image formed
by a lens, we use the virtual image at I1
formed by surface 1 as the object for the
image formed by surface 2. The point C1 is
the center of curvature of surface 1. (a) The
image due to surface 1 is virtual so that I1 is
to the left of the surface. (b) The image due
to surface 1 is real so that I1 is to the right of
the surface.
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Using Eq. ($) and assuming 
we find that image  formed by surface 1 satisfies 

n1 = 1 because lens is surrounded by air
I1

1

p1
+

n

q1
=

n � 1

R1

Apply Eq. ($) to surface  2  taking            and

Taking      as object distance for surface 2 and      as image distance gives

Introduce mathematically fact that image formed surface 1 acts as object for 2 

p2 q2

n1 = n n2 = 1

Virtual image 

Real image

p2 = �q1 + t (q1 is negative)

p2 = �q1 + t (q1 is positive)

n

p2
+

1

q2
=

1 � n

R2

 ☛ thickness of lenst
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where t is the thickness of the lens. For a thin lens (one whose thickness is small
compared to the radii of curvature), we can neglect t. In this approximation, we see
that p 2 ! " q 1 for either type of image from surface 1. (If the image from surface 1
is real, the image acts as a virtual object, so p 2 is negative.) Hence, Equation 36.11
becomes

(36.12)

Adding Equations 36.10 and 36.12, we find that

(36.13)

For a thin lens, we can omit the subscripts on p1 and q2 in Equation 36.13 and call the
object distance p and the image distance q, as in Figure 36.24. Hence, we can write
Equation 36.13 in the form

(36.14)

This expression relates the image distance q of the image formed by a thin lens to the
object distance p and to the lens properties (index of refraction and radii of curva-
ture). It is valid only for paraxial rays and only when the lens thickness is much less
than R1 and R2.

The focal length f of a thin lens is the image distance that corresponds to an infi-
nite object distance, just as with mirrors. Letting p approach # and q approach f in
Equation 36.14, we see that the inverse of the focal length for a thin lens is

(36.15)

This relationship is called the lens makers’ equation because it can be used to deter-
mine the values of R1 and R2 that are needed for a given index of refraction and a
desired focal length f. Conversely, if the index of refraction and the radii of curvature
of a lens are given, this equation enables a calculation of the focal length. If the lens is
immersed in something other than air, this same equation can be used, with n inter-
preted as the ratio of the index of refraction of the lens material to that of the sur-
rounding fluid.

Using Equation 36.15, we can write Equation 36.14 in a form identical to Equation
36.6 for mirrors:

(36.16)
1
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Figure 36.24 Simplified geometry for a thin lens.

Lens makers’ equation

Thin lens equation
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For thin lens 

t

p2 = �q1

If image from surface   is real ☛ image acts as a virtual object                         1 p2

� n

q1
+

1

q2
=

1 � n

R2

1

p1
+

1

q2
= (n � 1)

⇣ 1

R1
� 1

R2

⌘

1

p
+

1

q
= (n � 1)

⇣ 1

R1
� 1

R2

⌘

For a thin lens ☛ we can omit subscripts on    and                                   q
q

p
p

(one whose thickness is small compared to radii of curvature)               

In this approximation 

we can neglect 

  for either type of image from surface 1

so     is negative

and call object distance    and image distance

Substituting        from surface 1 equation and rearranging terms gives � n

q1
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Focal length     of thin lens is image distance                                          

Letting   approach     and    approach                                                     

f

1p q f

1

f
= (n � 1)

⇣ 1

R1
� 1

R2

⌘

If index of refraction and radii of curvature of lens are given                        

1

p
+

1

q
=

1

f

Lens makers’ equation ☛

Thin lens equation ☛

that corresponds to infinite object distance ☛ just as with mirrors 

lens makers’ equation enables calculation of focal length

Magnification of Images

☛ inverse of focal length for thin lens gives

M =
h0

h
= �q

p

31Monday, April 16, 18



Ray diagrams for Thin Lenses

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:

M !
h"

h
! #

q
p
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(a)

(b)

Convex–
concave

Convex–
concave

Plano–
concave

Plano–
convex

Biconvex

Biconcave

Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

To locate the image of a diverging lens (Fig. 36.28c), the following three rays are
drawn from the top of the object:
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• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens,
this ray emerges directed away from the focal point on the front side of the
lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn in the direction toward the focal point on the back side of the lens
and emerges from the lens parallel to the principal axis.

For the converging lens in Figure 36.28a, where the object is to the left of the focal
point (p ! f ), the image is real and inverted. When the object is between the focal
point and the lens (p " f ), as in Figure 36.28b, the image is virtual and upright. For a
diverging lens (see Fig. 36.28c), the image is always virtual and upright, regardless of
where the object is placed. These geometric constructions are reasonably accurate only
if the distance between the rays and the principal axis is much less than the radii of the
lens surfaces.

Note that refraction occurs only at the surfaces of the lens. A certain lens design
takes advantage of this fact to produce the Fresnel lens, a powerful lens without great
thickness. Because only the surface curvature is important in the refracting qualities of
the lens, material in the middle of a Fresnel lens is removed, as shown in the cross
sections of lenses in Figure 36.29. Because the edges of the curved segments cause
some distortion, Fresnel lenses are usually used only in situations in which image
quality is less important than reduction of weight. A classroom overhead projector
often uses a Fresnel lens; the circular edges between segments of the lens can be seen
by looking closely at the light projected onto a screen.

Figure 36.29 The Fresnel lens on
the left has the same focal length as
the thick lens on the right but is
made of much less glass.

Quick Quiz 36.7 What is the focal length of a pane of window glass?
(a) zero (b) infinity (c) the thickness of the glass (d) impossible to determine

Quick Quiz 36.8 Diving masks often have a lens built into the glass for
divers who do not have perfect vision. This allows the individual to dive without the
necessity for glasses, because the lenses in the faceplate perform the necessary
refraction to provide clear vision. The proper design allows the diver to see clearly with
the mask on both under water and in the open air. Normal eyeglasses have lenses that
are curved on both the front and back surfaces. The lenses in a diving mask should be
curved (a) only on the front surface (b) only on the back surface (c) on both the front
and back surfaces.

Example 36.9 Images Formed by a Converging Lens 

Solution

(A) First we construct a ray diagram as shown in Figure
36.30a. The diagram shows that we should expect a real,
inverted, smaller image to be formed on the back side of the
lens. The thin lens equation, Equation 36.16, can be used to
find the image distance:
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A converging lens of focal length 10.0 cm forms images of
objects placed

(A) 30.0 cm,

(B) 10.0 cm, and

(C) 5.00 cm from the lens.

In each case, construct a ray diagram, find the image
distance and describe the image.
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Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
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have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

To locate the image of a diverging lens (Fig. 36.28c), the following three rays are
drawn from the top of the object:
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• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens,
this ray emerges directed away from the focal point on the front side of the
lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn in the direction toward the focal point on the back side of the lens
and emerges from the lens parallel to the principal axis.

For the converging lens in Figure 36.28a, where the object is to the left of the focal
point (p ! f ), the image is real and inverted. When the object is between the focal
point and the lens (p " f ), as in Figure 36.28b, the image is virtual and upright. For a
diverging lens (see Fig. 36.28c), the image is always virtual and upright, regardless of
where the object is placed. These geometric constructions are reasonably accurate only
if the distance between the rays and the principal axis is much less than the radii of the
lens surfaces.

Note that refraction occurs only at the surfaces of the lens. A certain lens design
takes advantage of this fact to produce the Fresnel lens, a powerful lens without great
thickness. Because only the surface curvature is important in the refracting qualities of
the lens, material in the middle of a Fresnel lens is removed, as shown in the cross
sections of lenses in Figure 36.29. Because the edges of the curved segments cause
some distortion, Fresnel lenses are usually used only in situations in which image
quality is less important than reduction of weight. A classroom overhead projector
often uses a Fresnel lens; the circular edges between segments of the lens can be seen
by looking closely at the light projected onto a screen.

Figure 36.29 The Fresnel lens on
the left has the same focal length as
the thick lens on the right but is
made of much less glass.

Quick Quiz 36.7 What is the focal length of a pane of window glass?
(a) zero (b) infinity (c) the thickness of the glass (d) impossible to determine

Quick Quiz 36.8 Diving masks often have a lens built into the glass for
divers who do not have perfect vision. This allows the individual to dive without the
necessity for glasses, because the lenses in the faceplate perform the necessary
refraction to provide clear vision. The proper design allows the diver to see clearly with
the mask on both under water and in the open air. Normal eyeglasses have lenses that
are curved on both the front and back surfaces. The lenses in a diving mask should be
curved (a) only on the front surface (b) only on the back surface (c) on both the front
and back surfaces.

Example 36.9 Images Formed by a Converging Lens 

Solution

(A) First we construct a ray diagram as shown in Figure
36.30a. The diagram shows that we should expect a real,
inverted, smaller image to be formed on the back side of the
lens. The thin lens equation, Equation 36.16, can be used to
find the image distance:

 
1
p

#
1
q

$
1
f

 

A converging lens of focal length 10.0 cm forms images of
objects placed

(A) 30.0 cm,

(B) 10.0 cm, and

(C) 5.00 cm from the lens.

In each case, construct a ray diagram, find the image
distance and describe the image.
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Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Figure 36.27 Various lens shapes.
(a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. (b) Diverging lenses
have a negative focal length and
are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

Various lens shapes are shown in Figure 36.27. Note that a converging lens is
thicker at the center than at the edge, whereas a diverging lens is thinner at the center
than at the edge.

Magnification of Images

Consider a thin lens through which light rays from an object pass. As with mirrors (Eq.
36.2), we could analyze a geometric construction to show that the lateral magnification
of the image is

From this expression, it follows that when M is positive, the image is upright and on
the same side of the lens as the object. When M is negative, the image is inverted and
on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses

Ray diagrams are convenient for locating the images formed by thin lenses or systems
of lenses. They also help clarify our sign conventions. Figure 36.28 shows such dia-
grams for three single-lens situations. 

To locate the image of a converging lens (Fig. 36.28a and b), the following three rays
are drawn from the top of the object:
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are thickest at the edges.
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Active Figure 36.28 Ray diagrams for locating the image formed
by a thin lens. (a) When the object is in front of and outside the
focal point of a converging lens, the image is real, inverted, and on
the back side of the lens. (b) When the object is between the focal
point and a converging lens, the image is virtual, upright, larger
than the object, and on the front side of the lens. (c) When an
object is anywhere in front of a diverging lens, the image is virtual,
upright, smaller than the object, and on the front side of the lens.

At the Active Figures link at http://www.pse6.com, you
can move the objects and change the focal length of the
lenses to see the effect on the images.

• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens, this
ray passes through the focal point on the back side of the lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn through the focal point on the front side of the lens (or as if
coming from the focal point if p $ f ) and emerges from the lens parallel to the
principal axis.

To locate the image of a diverging lens (Fig. 36.28c), the following three rays are
drawn from the top of the object:
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• Ray 1 is drawn parallel to the principal axis. After being refracted by the lens,
this ray emerges directed away from the focal point on the front side of the
lens.

• Ray 2 is drawn through the center of the lens and continues in a straight 
line.

• Ray 3 is drawn in the direction toward the focal point on the back side of the lens
and emerges from the lens parallel to the principal axis.

For the converging lens in Figure 36.28a, where the object is to the left of the focal
point (p ! f ), the image is real and inverted. When the object is between the focal
point and the lens (p " f ), as in Figure 36.28b, the image is virtual and upright. For a
diverging lens (see Fig. 36.28c), the image is always virtual and upright, regardless of
where the object is placed. These geometric constructions are reasonably accurate only
if the distance between the rays and the principal axis is much less than the radii of the
lens surfaces.

Note that refraction occurs only at the surfaces of the lens. A certain lens design
takes advantage of this fact to produce the Fresnel lens, a powerful lens without great
thickness. Because only the surface curvature is important in the refracting qualities of
the lens, material in the middle of a Fresnel lens is removed, as shown in the cross
sections of lenses in Figure 36.29. Because the edges of the curved segments cause
some distortion, Fresnel lenses are usually used only in situations in which image
quality is less important than reduction of weight. A classroom overhead projector
often uses a Fresnel lens; the circular edges between segments of the lens can be seen
by looking closely at the light projected onto a screen.

Figure 36.29 The Fresnel lens on
the left has the same focal length as
the thick lens on the right but is
made of much less glass.

Quick Quiz 36.7 What is the focal length of a pane of window glass?
(a) zero (b) infinity (c) the thickness of the glass (d) impossible to determine

Quick Quiz 36.8 Diving masks often have a lens built into the glass for
divers who do not have perfect vision. This allows the individual to dive without the
necessity for glasses, because the lenses in the faceplate perform the necessary
refraction to provide clear vision. The proper design allows the diver to see clearly with
the mask on both under water and in the open air. Normal eyeglasses have lenses that
are curved on both the front and back surfaces. The lenses in a diving mask should be
curved (a) only on the front surface (b) only on the back surface (c) on both the front
and back surfaces.

Example 36.9 Images Formed by a Converging Lens 

Solution

(A) First we construct a ray diagram as shown in Figure
36.30a. The diagram shows that we should expect a real,
inverted, smaller image to be formed on the back side of the
lens. The thin lens equation, Equation 36.16, can be used to
find the image distance:

 
1
p

#
1
q
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1
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A converging lens of focal length 10.0 cm forms images of
objects placed

(A) 30.0 cm,

(B) 10.0 cm, and

(C) 5.00 cm from the lens.

In each case, construct a ray diagram, find the image
distance and describe the image.

Interactive
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How Light Works Ray optics

How do you know where objects are? How do you see them?

You deduce direction and distance in complicated ways
but arises from angle and intensity of bundle of light rays

that make it into your eye

Eye is adaptive optical system

Crystalline lens of eye changes its shape to focus light
from objects over a great range of distances
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