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Chapter23 Optics

Why do people catch colds? For thousands of years 
people believed that colds and other illnesses came 
from evil spirits. The world changed in 1673 when 
Anton Leeuwenhoek peered through a primitive 
microscope he had made. To his astonishment he 
saw tiny creatures swimming around! 
Leeuwenhoek’s discoveries revealed a miniature 
universe no human had ever seen before. He was the 
first to see that a drop of pond water contains a tiny 
world of plants and animals. 

Once the microscopic world was discovered, the 
causes of sickness could be investigated. Today, we 
know that small forms of life, bacteria and viruses, are 
usually what make you sick. Microscopes and 
telescopes are based on optics, the science and 
technology of light. By manipulating light, optical 
devices greatly enhance our eyesight so that we can 
see things that are miniscule or astronomically far 
away.

Key Questions
Why can I see myself in a mirror 

but not when I look at the floor 

or a bare wall?

Is it possible to make an object 

disappear?

How do lenses work?
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Figure 23.1: How a magnifying glass 
creates the illusion of a giant thumb by 
bending light rays. 

Vocabulary

optics, light ray, converging lens, 

diverging lens, prism, transparent, 

translucent, specular reflection, 

diffuse reflection, incident ray, 

normal line, reflected ray, law of 

reflection, ray diagram

Objectives

Describe how simple optical 

devices work.

Learn the difference between 

converging and diverging lenses.

Understand how light is affected 

by matter. 

Learn about the law of reflection.

23.1 Optics and Reflection
Look at your thumb through a magnifying glass. It looks huge. Of course, your hand is the same
size it always was, even though what you see is a giant thumb (Figure 23.1). The explanation for
how magnification occurs is part of the science of optics. Optics is the study of how light behaves.
Optics also includes the study of the eye itself because the human eye forms an image with a lens.
Devices that rely on optics include mirrors, telescopes, eyeglasses, contact lenses, and magnifying
glasses. This section introduces you to optics and how images are formed.

Optics is the study of light
Light   travels in

straight lines
As light moves through a material, such as
air, the light normally travels in straight
lines. If three people in a room see the
same vase, it is because light travels
straight from the vase to their eyes. To
trace the movement of light we draw lines
and arrows called light rays. A light ray is
an imaginary line that represents a thin
beam of light. The arrow head on a light
ray shows you the direction light is
moving.

Lines and angles
describe the
path of light

Light does not always go straight from
an object to your eyes. For example,
light may bend when it crosses the
boundary between glass and air. A
magnifying glass uses the bending of
light rays to make things appear larger
(or smaller) than they really are. The
curved surface of a magnifying glass
bends light rays so they appear to come
from a much larger thumb. That is the
magnified thumb that you see!
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Simple optical devices
Optical devices

are common
Almost everyone has experience with optical devices. For example, trying on
new glasses, checking your appearance in a mirror, or admiring the sparkle
from a diamond ring all involve optics. Through experiences like these, most
of us have seen optical effects created by three basic devices: the lens, the
mirror, and the prism. 

Lenses A lens bends light in a specific way. A converging lens (or convex lens)
bends light so that the light rays come together to a point. This is why a
magnifying glass makes a hot spot of concentrated light (Figure 23.2). The
human eye has a single converging lens. A diverging lens (or concave lens)
bends light so it spreads light apart instead of coming together. An object
viewed through a diverging lens appears smaller than it would look without
the lens. 

 Mirrors A mirror reflects light and allows you to see yourself. Flat mirrors show a true-
size image (Figure 23.3). Curved mirrors distort images by causing the light
rays to come together or spread apart. The curved surface of a fun house
mirror can make you look appear thinner, wider, or even upside down!

Prisms A prism is another optical device. It is made of a solid piece of glass with flat
polished surfaces. A common triangular prism is shown in the diagram below.
Prisms can both bend and/or reflect light. Telescopes, cameras, and
supermarket laser scanners use prisms of different shapes to bend and reflect
light in precise ways. A diamond is a prism with many flat, polished surfaces.
The “sparkle” that makes diamonds so attractive comes from light being
reflected many times as it bounces around the inside of a cut and polished
diamond.

Figure 23.2: A magnifying glass is a 
converging lens. This is why a magnifying 
glass can be used to makes a hot spot of 
concentrated light. 

Figure 23.3: The image you see in a flat 
mirror is life-size. 
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Figure 23.4: The four interactions of light 
with matter.

Figure 23.5: Colored objects reflect some 
colors of light and absorb other colors. Can 
you tell which colors are absorbed and which 
are reflected?

Four ways light is affected by matter
The four

interactions
When light interacts with matter, like glass, wood, or anything else, four
things can happen.
• The light can go through almost unchanged (transparency).
• The light can go through but be scattered (translucency).
• The light can bounce off (reflection).
• The light can transfer its energy to the material (absorption).

Transparent Materials that allow light to pass through are called transparent. Glass is
transparent as are some kinds of plastic. Air is also transparent. You can see
an image though a transparent material if the surfaces are smooth, like a glass
window.

Translucent An object is translucent if some light can pass through but the light is
scattered in many directions (Figure 23.4). Tissue paper is translucent, and so
is frosted glass. If you hold a sheet of tissue paper up to a window, some light
comes through the paper, but you cannot see an image clearly through tissue
paper.

Reflection Almost all surfaces reflect some light. In chapter 22 you learned that color
comes from reflecting some light but absorbing other light. A mirror is a very
good reflector but a sheet of white paper is also a good reflector. The
difference is in how they reflect (see the next page).

Absorption When light is absorbed, its energy is transferred to the material. That is why a
black road surface gets hot on a sunny day. A perfect absorber looks black
because it reflects no light at all. Black paper and black velvet cloth are good
absorbers of light. 

All interactions
at once

All four interactions of light with matter almost always happen at the same
time. An ordinary glass window is mostly transparent but also absorbs about
10% of light. The glass scatters some light (translucency) and reflects some
light. The same material also behaves differently depending on how well the
surface is polished. Frosted glass has a rough surface and is translucent. Clear
glass has a polished surface and is transparent. Colored paper absorbs some
light, reflects some light, and is partly translucent (Figure 23.5).
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Reflection
The image in a

mirror
When you look at yourself in a mirror, you see your own image as if your
exact twin were standing in front of you. The image appears to be the same
distance from the other side of the mirror as you are on your side of the mirror
(Figure 23.6). If you step back, so does your image. Images appear in mirrors
because of how light is reflected by mirrors.

Specular
reflection

Light is reflected from all surfaces, not just mirrors. But not all surfaces form
images. The reason is that there are two types of reflections. A ray of light that
strikes a shiny surface (like a mirror) creates a single reflected ray. This type of
reflection is called specular reflection. In specular reflection each ray of
light bounces off in a single direction (Figure 23.7). Images are produced in
polished surfaces that create specular reflection, such as on the surface of a
mirror. If you look closely at a mirror illuminated by a light bulb, somewhere
the reflected light forms an image of the light bulb itself. In fact, a surface
which has perfect specular reflection is invisible. If you look at that surface,
you see reflections of other things, but you don’t see the surface itself.

Diffuse
reflection

A surface that is not shiny creates diffuse reflection. In diffuse reflection, a
single ray of light scatters into many directions (Figure 23.7). Diffuse
reflection is caused by the roughness of a surface. Even if a surface feels
smooth to the touch, on a microscopic level it may be rough. For example, the
surface of a wooden board creates a diffuse reflection. In a lighted room, you
see the board by reflected light, but you cannot see an image of a light bulb in
the board. When you look at a diffuse reflecting surface you see the surface
itself.

One surface can
be both types of

reflection

Many surfaces are in between rough and smooth. These kinds of surfaces
create both kinds of reflection. For example, a polished wood tabletop can
reflect some light in specular reflection, and the rest of the light in diffuse
reflection. The specular reflection creates a faint reflected image on the table
surface. You also see the table surface itself by light from diffuse reflection.

Figure 23.6:  The image you see in a flat 
mirror is the same distance behind the mirror 
as you are in front of it.

Figure 23.7: Specular and diffuse 
reflections.
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The law of reflection
Incident and

reflected rays
Consider a ray of light coming from a light bulb and striking a mirror. The
incident ray is the light ray that strikes the mirror. The reflected ray is the
light ray that bounces off the mirror (Figure 23.8).

The normal line Between the incident and reflected rays, there is an imaginary line called the
normal line which is perpendicular to the surface of the mirror
(Figure 23.8). The angle between the incident ray and the normal line is
called the angle of incidence. The angle of reflection is the angle
between the normal line and the reflected ray.

The law of
reflection

The law of reflection says the angle of incidence equals the angle of
reflection. Light rays reflect from a mirror at the same angle at which they
arrive. Angles are always measured relative to the normal line. The law of
reflection applies to any surface with specular reflection.

An example Imagine that a light ray strikes a flat mirror with a 30-degree angle of
incidence (Figure 23.9). What would be the angle of reflection? According to
the law of reflection, the angle of reflection is 30 degrees.

Drawing a ray
diagram

A ray diagram is an accurately drawn sketch showing how light rays
interact with mirrors, lenses, and other optical devices. Incident and reflected
rays are drawn as arrows on a ray diagram. A mirror is drawn as a solid line.
The normal line is drawn as a dotted line perpendicular to the mirror surface;
this line starts where the incident ray strikes the mirror. The angle of
incidence and angle of reflection are measured between the light rays and the
normal line as shown in Figure 23.8.

23.1 Section Review

1. Make a list of all the optical devices you use on an average day.

2. Name an object that is mostly transparent, one that is translucent, one that is mostly

absorbent, and one that is mostly reflective.

3. Why can you see your own reflected image in a mirror but not on dry, painted wall?

4. A light ray leaving a mirror has a 15-degree angle of reflection. What is the angle of incidence?

Figure 23.8: The angle of incidence is 
equal to the angle of reflection.

Figure 23.9: This ray diagram illustrates 
that the angle of incidence equals the angle of 
reflection.
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Figure 23.10: A glass rod appears broken 
at the point it enters the water. This illusion is 
created because light is refracted as it travels 
from air to water.

Vocabulary

index of refraction, angle of 

refraction, total internal reflection, 

critical angle, fiber optics, 

dispersion

Objectives

Describe what happens when 

light goes from one material to 

another.

Understand index of refraction.

Learn about total internal 

reflection and fiber optics.

Learn how different colors of 

light are refracted.

23.2 Refraction
Light rays may bend as they cross a boundary from one material to another. For example, light
waves bend from air to water. Refraction is the bending of light rays. Whenever you use eyeglasses,
a telescope, binoculars, or fiber optics technology, you are using the refraction of light.

The index of refraction
An example of

refraction
A glass rod in a glass of water makes a good example of refraction
(Figure 23.10). The glass rod appears to break where it crosses the surface of
the water. It is obvious that the rod has not actually broken. The illusion is
caused by refracted light rays. The light rays from the glass rod are refracted
(or bent) when they cross from water back into air before reaching your eyes.

The index of
refraction

The ability of a material to bend rays of light is described by a value called the
index of refraction. The index of refraction (n) for a material measures the
ability of the material to bend light. The index of refraction is represented by a
lowercase letter n. The index of refraction for air is approximately 1.00. Water
has an index of refraction of 1.33. A diamond has an index of refraction of
2.42. Diamonds sparkle because of their high index of refraction. Table 23.1
lists the index of refraction for some common materials.

Why refraction
occurs

Refraction occurs when light rays cross a surface between two materials that
have a different index of refraction. The “broken rod” illusion happens
because the index of refraction of water and air and different.

Table 23.1: The index of refraction for some common materials

Material Index of refraction
Vacuum 1.0

Air 1.0001
Water 1.33

Ice 1.31
Glass 1.5

Diamond 2.42
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How much does refraction bend light rays?
The angles of
incidence and

refraction

As we did with reflection, we will look at angles that light rays make as they
are refracted by a surface. The angle of incidence is the angle between the
incident ray and the normal line, the same as for a mirror. The angle of
refraction is the angle between the refracted ray and the normal line.

The direction
a light ray bends

The direction in which a light ray bends depends on whether it is moving
from a high index of refraction to a lower index or vice versa. A light ray
going from a low index of refraction into a higher index bends toward the
normal line. A light ray going from a high index of refraction to a low index
bends away from the normal line.

The index of
refraction in both

materials

The angle that light is refracted depends on the index of refraction on both
sides of a surface. The diagram below shows light crossing a piece of glass.
When light goes from air into glass (A) it bends toward the normal line
because glass has a higher index of refraction than air. When the light goes
from glass into air again (B) it bends away from the normal line. Coming out
of the glass the light ray is going into air with a lower index of refraction than
glass. 

Refraction can make objects 
seem invisible
When light travels from one 
material to another, the light rays 
bend. This is because most any 
two materials will have different 
indices of refraction. 
However, if two materials have the 
same index of refraction, the light 
doesn’t bend at all.This makes for 
a neat trick you can do with a glass 
rod. Glass is transparent, so you 
only see the edges of the rod 
because of refraction. The edge 
appears dark because light is 
refracted away from your eyes. 
Vegetable oil and glass have 
almost the same index of 
refraction. If you put a glass rod 
into a cup of vegetable oil, the rod 
seems to disappear! Light travels 
through the oil and glass as if the 
two materials were the same!
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A light pipe
A solid glass rod can become a 
light pipe that carries light. This 
can happen if light enters the rod at 
an angle of incidence greater than 
the critical angle. Inside the rod, 
light continues to reflect off the 
inside walls and bounce back into 
the rod because of total internal 
reflection. Fiber optic technology 
uses glass fibers to carry 
information on laser beams (light) 
including internet data and 
telephone calls . 

Total internal reflection
When light goes

from one
material to

another

When light goes from one material into another that has a lower refractive
index, it bends away from the normal line. The angle of refraction that occurs
when the light bends from the normal line is always greater than the angle of
incidence. For example, in water when the angle of incidence is 45 degrees,
the angle of refraction in air is 70 degrees. The refractive index of water is
1.33, for air it is 1.00.

Total internal
reflection

As the angle of incidence increases, there is a point at which the light will not
enter the air but reflect back into the water! This effect is called total internal
reflection. Total internal reflection happens when the angle of refraction
becomes greater than 90 degrees. As you can see in the diagram above, when
the angle of refraction reaches 90 degrees, the refracted ray is traveling
straight along the surface of the water. In water, this happens when the angle of
incidence is 49 degrees. At angles greater than 49 degrees, there is no
refracted ray. All of the light is reflected back into the water!

The critical angle The angle of incidence at which the angle of refraction is 90 degrees is called
the critical angle. The critical angle depends on the index of refraction of the
material. The critical angle for water is about 49 degrees. The critical angle for
glass is about 42 degrees. At angles of incidence greater than the critical angle
for a material, total internal reflection occurs.

Fiber optics are
pipes for light

The sidebar at right explains how a glass rod can be used as a light pipe. If
glass rods are made very thin, they are flexible, but still trap light by total
internal reflection. Fiber optics are thin glass fibers and use total internal
reflection to carry light, even around bends and corners. Because light can be
used to transmit information as images or data, fiber optic technology is very
important in the communications industry. A bundle of optical fibers can even
make an image pipe, where each fiber transmits one dot of an image from one
end of the bundle to the other end. 
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Refraction and colors of light
Index of

refraction varies
for different

colors of light

The index of refraction for most materials varies by a small amount
depending on the color of light. For example, glass has an index of refraction
slightly greater for blue light than for red light. A glass prism splits white
light into its spectrum of colors because each color is bent slightly differently.
For example, blue light is bent more than red (Figure 23.11). Colors between
blue and red are bent proportional to their position in the spectrum.
Remember, the order of colors in the visible light spectrum is red, orange,
yellow, green, blue, violet (or ROY-G-BV). Yellow rays, in the middle of the
spectrum, are bent about halfway between red and blue rays.

Dispersion The “rainbow” you see when light passes through a prism and a real rainbow
in the sky are examples of dispersion. Dispersion describes how refractive
index varies depending on the color of light. The refractive index values
listed in Table 23.1 are based on the bending of a specific color of yellow
light. Yellow light was chosen because it is the center of the visible light
spectrum.

Rainbows Rainbows occur when white light from the sun passes through water droplets
in the atmosphere. Like a prism, each drop splits white light into the spectrum
of colors. However, we see bands of colors in the sky because each color of
light that reaches your eyes come from droplets at different heights in the sky
(Figure 23.12). This is because of how the light is bent by the curved surface
of each droplets. The colors you see follow ROY-G-BV from top to bottom.

23.2 Section Review

1. A glass rod seems to disappear when it is place in vegetable oil. Based on this observation

and Table 23.1, predict the index of refraction for vegetable oil.

2. Fill in the blank: When light travels from water into the air, the refracted light ray bends

__________ (away or toward) the normal line.

3. Describe the refracted ray when the angle of incidence is at the critical angle. What happens

to an incident light ray when the angle of incidence is greater than the critical angle?

4. In which situation might dispersion be a problem in focusing a camera lens: (a) taking a color

photograph, or (b) taking a black and white photograph? Explain your answer.

Figure 23.11: A prism separates the colors 
of white light by dispersion. Blue light bends 
more than red light.

Figure 23.12: Water droplets in the sky act 
as prisms. However, we see bands of color 
because red light reaches your eyes from 
higher in the atmosphere and blue light 
reaches your eyes from lower in the 
atmosphere.
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Figure 23.13: You see the tree because 
light from the tree reaches your eye. The 
image of the tree in a telescope is not the real 
tree, but instead is a different way of 
organizing light from the tree. A telescope 
organizes the light so that the tree appears 
bigger but also upside down!

Vocabulary

object, image, virtual image, optical 

axis, focal point, focal length, real 

image, focus, magnification, 

refracting telescope

Objectives

Learn how images are formed.

Learn the difference between a 

real and a virtual image.

Learn the parts of a ray diagram 

and how to draw one.

23.3 Mirrors, Lenses, and Images
An image is a picture that represents the way light is organized somewhere else. For example, the
image of an ice cream cone created by your eye or a camera matches the pattern of light from real
ice cream cone. In this section, you will learn how images are created. You will learn how to use
lenses and mirrors to make images larger or smaller, upright or upside down, near or far away.

Images
Objects and

images
It is helpful to think about optics in terms of
objects and images. Objects are real physical
things that give off or reflect light rays.
Images are “pictures” of objects that are
formed in space where light rays meet. Images
are formed by our eyes, and by mirrors,
lenses, prisms, and other optical devices
(Figure 23.13). Images are not objects you can touch; they are just illusions
created by organizing light collected from objects.

Rays
come together

in an image

Each point on an object gives off light rays in all directions. That is why you
can see an object from different directions. Images are created by collecting
many rays from each point on an object and bringing them back together again
in a single point. For example, a camera works by collecting the rays from an
object so they form an image on the film. In the diagram below many rays
from a part of the bridge railing are focused to a single point by the camera
lens, forming the image of that part of the railing. A camera captures some but
not all the rays. This is why a photograph only shows one side of an object —
you can’t turn a photograph over and see the back of any object!
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The image in a mirror
Seeing your

reflection
If you stand in front of a flat mirror, your image appears the same distance
behind the mirror as you are in front of the mirror. If we move back the image
seems to move back too. If we raise our left hand, the hand on the left side of
the image is raised. How does this happen?

The image of an
arrow in a mirror

The photograph in Figure 23.14 shows a mirror in front of a piece of graph
paper that has an arrow drawn on it. The arrow on the graph paper is an object
because it is a physical source of (reflected) light. The image of the arrow
appears in the mirror. Look carefully and you see that the image of the arrow
appears the same number of squares behind the mirror as the paper arrow is in
front of the mirror.

A ray diagram of
an image in a

mirror

Figure 23.15 shows a ray diagram of the arrow and mirror. The head of the
arrow is a source of light rays. The ray diagram traces three light rays that
leave the tip of the arrow and reflect from the mirror. These rays obey the law
of reflection. We see an image of the arrow in the mirror because the reflected
rays appear to come from behind the mirror. To see where the rays appear to
come from, you extend the actual rays using dotted lines. The image of the tip
of the arrow is formed at the point where the dotted lines meet. Remember, an
image forms when many rays on an object come together again, or appear to
come together again. The diagram shows the image appears the same
distance behind the mirror as the arrow is in front of the mirror.

Virtual images The image in a mirror is called a virtual image because the light rays do not
actually come together to form the image. They only appear to come
together. The virtual image in a flat mirror is created by your eyes and brain.
Your brain “sees” the arrow where it would be if the light rays reaching the
eye had come in a single straight line. 

Real and virtual
images

Because the light rays do not actually meet, a virtual image cannot be
projected onto a screen or on film. Virtual images are illusions created by
your eye and brain. To show a picture on a screen or record an image on film
you need a real image. Real images form where light rays actually come
together again. The images formed by a camera lens or projector lens are real
images. If the difference seems confusing, turn the page for an explanation!

Figure 23.14: The image in a flat mirror

Figure 23.15: A ray diagram of the arrow 
in the mirror, showing the location of the 
virtual image.
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Figure 23.16: Converging and diverging 
lenses.

Figure 23.17:  Most lenses have 
spherically shaped surfaces.

Lenses
 A lens and its

optical axis
A lens is made of transparent material with an index of refraction different
from air. The surfaces of a lens are curved to refract light in a specific way.
The exact shape of a lens’s surface depends on how strongly and in what way
the lens needs to bend light. Nearly all lenses are designed with an optical
axis, an imaginary line that goes through the center of the lens. Light traveling
along the optical axis is not bent at all by the lens. 

Focal point and
focal length

Light rays that enter a converging lens parallel to its axis bend to meet at a
point called the focal point (Figure 23.16). Light can go through a lens in
either direction so there are always two focal points, one on either side of the
lens. The distance from the center of the lens to the focal point is the focal
length. The focal length is usually (but not always) the same for both focal
points of a lens.

Converging and
diverging lenses

Figure 23.16 shows how light rays enter and exit two types of lenses. The
entering rays are parallel to the optical axis. A converging lens the rays bends
exiting rays toward the focal point. A diverging lens bends the rays outward,
away from the focal point.

How light travels
through a

converging lens

Most lenses have surfaces that are shaped like part of a sphere. Any radius of a
sphere is also a normal line to the surface. When light rays fall on a spherical
surface from air, they bend toward the normal line (Figure 23.17). For a
converging lens, the first surface (air to glass) bends light rays toward the
normal. At the second surface (glass to air), the rays bend away from the
normal line. Because the second surface “tilts” the other way, it also bends
light rays toward the focal point. Both surfaces of a diverging lens bend light
away from the optical axis (Figure 23.16).
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Drawing a ray diagram for a converging lens
What a ray

diagram tells you
A ray diagram is the best way to understand what type of image is formed by
a lens. To draw a ray diagram for a lens, you need to know the focal length
and the distance of the object from the lens. If the lenses are not too thick,
then three particular rays of light follow rules that make them easy to draw.
1. A ray passing though the center of the lens is not bent at all.
2. A ray parallel to the axis bends to pass through the far focal point.
3. A ray passing through the near focal point comes out of the lens parallel

to the axis.
Setting up to

make a ray
diagram

The first step in making an accurate ray diagram is to set up a sheet of graph
paper by drawing a straight horizontal line to be the optical axis. The lens
itself is drawn as a vertical line crossing the axis. The last step in setting up is
to draw the two focal points, f, on the axis. The focal points should be the
same distance on either side of the lens. It is important that the ray diagram be
drawn to scale. For example, a scale often used with graph paper is one box
equals 1 centimeter.

Drawing the
object

An upward arrow is used to represent the object, usually on the left side of the
lens. The distance from the arrow to the lens must be correctly scaled. For
example, an object 20 centimeters away from a lens is drawn 20 boxes to the
left of the lens in a ray diagram.

The three
principal rays

To find the location of the image, draw the three rays listed above, starting
each from the tip of the arrow. Figure 23.18 shows how to draw each ray.
Step 1: Draw a light ray passing through the center of the lens.
Step 2: Draw a light ray that starts parallel to the axis and bends at the lens to
pass through the far focal point.
Step 3: Draw a light ray passing through the near focal point. This light ray
bends so it is parallel to the axis on the far side of the lens.
The point where these three rays intersect on the far side of the lens is where
the image of the tip of the arrow will be. Remember, an image forms where
many rays from an object come together again. 

Figure 23.18: The process of drawing a 
ray diagram.
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Figure 23.19:  Each point of the F in the 
image is formed by collecting light from a 
single point on the real F (object).

Figure 23.20: The pupil of your eye gets 
smaller, blocking more of the lens in bright 
light. However, your field of vision does not 
get smaller!

The image formed by a lens
Real images A converging lens can form a real image (diagram below). In a real image,

light from each single point on an object comes back together again at a single
point in another place to make an image. The place where the light comes back
together again is called the focus. The focus is where you see the image
clearly.

 Projecting an
image on a

screen

The ray diagram shows how the real image is formed. Following the rules on
the preceding page, three light rays are drawn starting from the same point, the
upper corner of the “F”. Notice that these three rays all meet together again at
a single point on the other side of the lens. That point is the image of the upper
corner of the “F”. You can put a screen at that distance from the lens to see the
image.

Single lenses
invert images

Notice that the image of the “F” is upside down. A real image made by a single
lens is always upside down. The lens in a movie projector also makes an
upside down image. To make the image right side up, the film is put in the
projector upside down!

How a lens
makes an image

To make an image, a lens collects rays from every point on an object. Rays
from each point on the object are brought back together again to make each
point of the image. Even when you cover half the lens, you still see the whole
image. The uncovered half still works the same way, but the image is dimmer
since less light from the object is used to form each point of the image. Your
eye does a similar thing in very bright light. The pupil of the eye gets smaller,
covering part of the lens (Figure 23.20). 
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Magnification and telescopes
Lenses can form

virtual images
Both converging and diverging lenses can form virtual images. For example,
a converging lens used as a magnifying glass creates an image that is virtual
and larger than life (magnified). Light is bent by the lens so that it appears to
come from a much larger object (Figure 23.21). 

Magnification Images may be smaller than life size, or equal to or larger
than life size. The magnification of an image is the ratio
of the size of the image divided by the size of the object.
For example, a lens with a magnification of 4 creates an
image that appears 4 times larger than the real-life object.

A magnifying glass is a single converging lens. A magnified virtual image
forms when you look at an object that is closer than one focal length from the
lens. If the object is farther than one focal length you see a real image that is
smaller than actual size (and upside down). The focal-length limit is why
magnifying glasses should be held fairly close to the objects you are looking
at.

The refracting
telescope

To get higher magnification, microscopes and telescopes use more than one
lens. A refracting telescope has two converging lenses with different focal
lengths. The lens with the shorter focal length is nearer to the eye. 

Reflecting
telescope

Because large lenses are nearly impossible to make, most modern telescopes
use a concave mirror instead of one lens. The diagram shows a reflecting
telescope, much like the one used by the Hubble Space Telescope and almost
all astronomical observatories (Figure 23.22).

Figure 23.21: A magnifying glass is a lens 
that forms a virtual image that is larger-than-
life and appears behind the lens.

Figure 23.22: A lens showing an image 
magnified by 4.
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Figure 23.23: A converging lens becomes 
a magnifying glass when an object is located 
inside the lens’s focal length.

Figure 23.24: A diverging lens always has 
the same ray diagram, which shows a smaller 
image. It doesn’t matter where the object is, 
the image will always be smaller.

Figure 23.25: Image summary table

Lens Position of 
object Image 

Converging Beyond the 
focal length Real

Converging Inside the 
focal length

Virtual and 
larger

Diverging Anywhere 
Virtual and 
smaller than 
object

Characteristics of images
Real or virtual

images
Images can be real or virtual. If the image is real, it can be projected on a
screen, like the image from a movie projector. If the image is virtual, it is
created by the eye and brain and cannot be projected on a screen. The image in
a mirror is virtual.

Inverted and
magnified

images

Images can be inside down (inverted) or right-side-up. Images can also be life
sized, smaller or larger than life sized. The real image from a single lens is
upside down and can be smaller or larger than real life. The image from a
simple telescope is upside down, but can be much larger than real life. The
image from a magnifying glass is right-side-up and larger than life
(Figure 23.23). The image in a diverging lens is right-side-up and always
smaller than real life (Figure 23.24).

Images from a
single lens

The characteristics of the image depend on the design of your optical system.
Eyeglasses, projector lenses, binoculars, and microscopes are all optical
systems that produce different kinds of images. Figure 23.25 gives a summary
of the characteristics of images made by single lenses.

The compound
microscope

The microscope that you use in biology class is
probably a compound microscope. Like a telescope,
a compound microscope uses two converging
lenses. The lens closest to the object has a very short
focal length and makes a real, larger, inverted image
of the object inside the microscope.
The lens you look through (the eyepiece) has a
longer focal length. The real image from the first
lens is closer than one focal length to the eyepiece.
That means the eyepiece acts like a magnifying
glass, magnifying the (already larger) real image
from the first lens. The overall magnification is the
magnification of the objective multiplied by the
magnification of the eyepiece. For example, a 10×
eyepiece lens with a 40× objective lens produces an
overall magnification of 400 (10 × 40).
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Figure 23.26: The images formed by a 
pinhole camera and a lens are different in 
brightness because different amounts of light 
are collected to form each point of the image.

Optical systems
Optical systems Optical systems are built from lenses, mirrors, and prisms. Optical systems do

two things. First, an optical system must collect light rays. Second, the
system changes the light rays to form an image, or process light in other
ways. A camera is an optical system that collects light to record an image.
Your eye is also an optical system. A photocopy machine is another optical
system. The more light an optical system collects, the brighter the image it
can form.

The image from
a pinhole camera

A simple optical system can be made with a pinhole in a box (Figure 23.26).
No image forms on the front of the box because rays from many points of the
object reach the same point on the box. An image does form inside the box,
however. The image inside the box forms because light rays that reach a point
on the box surface are restricted by the pinhole to come from only a pinhole-
sized point on the object.

A lens makes a
brighter image
than a pinhole

The image formed by a pinhole is very dim because the pinhole is small and
does not allow much light to come through. The image formed by a lens is
brighter because a lens is larger and collects more light (Figure 23.26). Each
point on the image is formed by a cone of light collected by the lens. With a
pinhole, the cone is much smaller and therefore the image has a much lower
light intensity.
The larger the lens, the brighter the image. This is because a larger lens
collects more light rays. Compared to smaller lenses, larger lenses can make
good images with less light. That is why inexpensive cameras with small
lenses need a flash to take pictures indoors. The small lens does not capture
enough light by itself.

Why multiple
lenses are useful

Multiple lenses are useful because they allow an optical system to change the
size of an image. The size of the image from a single lens depends on the
distance between the object and the lens. If you are looking at a bird through
a lens, you cannot easily change the distance between you and the bird! It is
much easier to change the optical system. The telephoto lens in a camera is
really two or more lenses that can move relative to one another. When you
zoom in and out, the camera changes the separation between the lenses. As
the separation changes, the magnification also changes.
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Recording images
Recording

images on film
One technique for recording images uses film. Film uses special inks that
respond to light. For a black and white photograph, the ink darkens in response
to the intensity of light. Where light on the image is intense, the ink becomes
dark. Where the image is dark, the ink remains light. Because dark and light
are inverted, this image is known as a negative (Figure 23.27). A positive
image is created by shining light through the negative onto photographic
paper, also coated with light-sensitive ink. Light areas on the negative allow
light through and darken corresponding areas on the photograph. A color film
uses three colors of light-sensitive ink.

Recording
images

electronically

The second technique for recording an image is electronic. A digital camera,
like a video camera-recorder, uses a sensor called a CCD, which is located at
the focal plane of the camera lens. On the surface of the CCD are thousands of
tiny light sensors. There are separate light sensors for red, blue, and green
(Figure 23.28). For each sensor, the amount of light is recorded as a number
from 0 to 255. For example, if the red sensor records 255, it is seeing the most
red light it can handle. A recording of 0 means the sensor sees no light. A color
image is recorded as a table of numbers. Each point on the image has three
numbers corresponding to the amount of red light, blue light, and green light.
The resolution of a digital camera is the number of points, called pixels, that
can be recorded by the CCD. A 2 megapixel camera stores 2 million pixels per
image. Since each pixel is three numbers, a 2 megapixel image actually
requires 6 million numbers to be stored.

23.3 Section Review

1. If an object is 1 foot away from a mirror, how far behind the mirror surface does the image

appear to be? Is this image a real or virtual image?

2. What is the difference between a real and virtual image?

3. Is a pair of binoculars a simple optical device or an optical system? Explain your answer. You

may want to research how binoculars work to answer this question.

4. Compare how images are recorded on film to how they are made using a digital camera.

Figure 23.27: Recording an image on film 
is a two-step process.

Figure 23.28: A digital camera records an 
image as intensity of red, green, and blue 
light.
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Retinal Implants: Hope for the Blind
Mike, a 28 year old blind man, lies awake on an operating table, 
while surgeons place a three-millimeter square electrode panel on 
the retina of his anesthetized eye. Soon, a medical research team 
will stimulate the electrodes, in hopes that these electrical impulses 
will do what the rods and cone cells in his eye once did: send a 
message from the ganglion cells through the optic nerve to the 
visual cortex of his brain, forming an image.

Legally blind since age 17, Mike volunteered for this study 
knowing that he may not see anything, and even if he does, the 
electrode panel will have to be removed at the end of the four-hour 
operation, since engineers are still working to develop materials 

that will protect the delicate electronics from the salty, wet 
environment of the eye for a long time.
Ready? asks the head surgeon. Mike gives a “thumbs-up” and the 
room falls quiet. The 
electrical stimulation 
machine emits a tone 
and then activates one of 
the electrodes on the 
panel.
“I can see something...a 
pea-sized circle of light, 
at about arm’s length!” 
Mike’s voice crackles 
with excitement.
After the next tone, two 
electrodes are activated. 
“This time it’s about the 
size of a dime, and twice as bright.” 
The experiments continue, varying the amount of current and the 
placement of the activated electrodes. Mike sees a banana-shaped 
curve when four electrodes in a row are activated. He cannot yet 
distinguish the patterns that form an “L” and a “T” however. He 
sees blobs of light, but not distinct shapes.
Mike was one of six participants in this first human trial of the 
Boston Retinal Implant Project. The project’s team of doctors, 
biologists, engineers, and rehabilitation specialists has been 
working since 1988, with the goal of producing a safe, long-lasting 
method to stimulate the retina. They want to generate images 
detailed enough to enable a blind person to, for example, walk by 
herself in an unfamiliar place.
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How artificial vision works

The vision system consists of a special pair of glasses with a tiny 
video camera attached. The camera sends information about an 
image via wireless transmission to a chip surgically implanted on 
the outside of the eye. The chip in turn decodes the image and 
activates electrodes in order to stimulate the ganglion cells that 
normally send messages to the visual cortex of the brain.

This technology will most likely help people who have damaged 
photoreceptors (rod and cone cells) but whose ganglion cells and 
optic nerves are still functioning. Researchers expect that people 
with adult-onset blindness will adjust most easily to the vision 
system, because the visual cortex of their brain is used to 
organizing information about light, dark, and colors into 
recognizable pictures.

While the vision system won’t be a cure for every type of blindness, 
it does hold promise for people affected by two of the most 
common causes of adult-onset blindness, retinitis pigmentosa and 
macular degeneration. Both of these diseases damage the eye’s 
photoreceptors but usually leave the other parts unharmed.

A look ahead

The Boston Retinal Implant Project team knows that there is much 
work to be done in order to create a vision system that can improve 
the quality of life for blind patients. Biologists are researching how 
to lower the amount of electrical current needed to get ganglion 
cells to send messages, while engineers are exploring different 
ways to transmit information to the eye's interior. However, they 
have proven that electrical stimulus of the ganglion cells does 
activate the body’s remaining intact visual system and allows the 
patient to perceive light. This is a crucial first step toward the 
formation of images, which is the ultimate goal of the project. 
And as the technology develops there is hope that one day this 
artificial vision system may be so fine-tuned that the video camera 
could serve as a pair of binoculars or even a microscope. Someday, 
perhaps, this system will not only restore Mike’s ability to see, but 
even extend his range of vision beyond the normal capabilities of 
the human eye.

Questions: 
1. Why do you think the team’s biologists are seeking the lowest 

effective amount of current?
2. Explain a significant breakthrough the Boston Retinal Implant 

project team has accomplished.
3. Describe at least two challenges that the team faces.
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Understanding Vocabulary

Select the correct term to complete the sentences.

Section 23.1

1. A light ray that strikes a mirror is called a(n) ____.
2. A light ray that bounces off a mirror is called a(n) ____.
3. The light reflected off carpet or another rough surface is an example

of ____.
4. The ____ predicts that light rays bounce off a mirror at the same angle

from which they arrive.
5. A lens that bends light rays together, toward the focal point is called a

____ lens.
6. The ____ is an imaginary line drawn perpendicular to the surface of a

mirror or any surface.
7. Your reflection in a mirror is an example of ____.
Section 23.2

8. ____describes the effect of white light splitting into different colors
because of the different refractive indices for the different colors.

9. The number that describes a material’s ability to bend light is the
____.

10. ____ are glass fibers that use total internal reflection to transmit
information.

Section 23.3

11. An image in a mirror that appears to come from behind the mirror is
called a(n) ____.

12. The distance between the focal point and the center of the lens is
called the ____.

Reviewing Concepts

Section 23.1

1. What is a light ray? What are light rays used for?
2. Can you predict how far away the image of an object will appear in a

mirror?
3. How does the size of your image in a flat mirror compare to your

size?
4. Describe the four interactions light can have with matter. Give an

example of a situation where more than one interaction happens at the
same time.

5. Distinguish between a transparent object and a translucent object.
6. Glare from headlights can make it harder to see when driving at night.

Glare is worse when roads are wet from rain versus when roads are
dry. Explain why, in terms of the two types of reflection.

7. What happens to light when it travels through a prism or a lens?
8. When drawing a ray diagram, what is the normal line?
9. State the law of reflection in your own words.
10. Describe how you measure the incident angle?
Section 23.2

11. What happens to light as it moves from one material to another that
has a different index of refraction?

12. Refer to Table 23.1 in the text. For light moving from air, which
material has a greater ability to bend light toward the normal line: ice
or glass? How do you know?

13. A glass rod appears to disappear when placed in vegetable oil. Why?
14. Describe what happens in total internal reflection.
15. Fiber optics are glass fibers that carry light. You know from

experience that light shines through glass. Why doesn’t light escape
from these glass fibers? Rainbows, whether created by a glass prism
or by drops of rain, always have the same color pattern. Explain why.

dispersion
reflected ray
law of reflection
converging lens

fiber optics
diffuse reflection
virtual image
index of refraction

incident ray
focal length
specular reflection
normal line
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Section 23.3

16. Mirrors and lenses both produce images that your eye can see. How
are mirrors and lenses similar? How are mirrors and lenses different?

17. Describe how objects, real images, and virtual images are different.
18. What happens to light traveling along the optical axis of a lens?
19. What happens to light rays entering a converging lens parallel to the

optical axis?
20. If you’ve used a camera, you may have noticed that you can’t have

both a close object and a far away object in focus at the same time.
Why not?

21. An optical system has a magnification of 100. What does 100 mean in
this context? Use the terms object and image in your answer.

22. Explain the differences between a converging lens and a diverging
lens. For each lens: discuss the shape, how each bends parallel light
rays, and how the images are formed.

Solving Problems

Section 23.1

1. A ray of light strikes a mirror. Which of the following rays (a, b, c, or
d) best describes the path of the light ray leaving the mirror?

2. A light ray strikes a mirror and is reflected. The angle between the
incident ray and the reflected ray is 60°. What is the angle of
reflection for this ray?

3. If you stand two meters in front of a mirror, what is the apparent
distance between you and your image?

4. A light ray strikes a mirror and is reflected as shown.

a. Copy the sketch and draw the normal line to the mirror.
b. On your sketch, label the angle of incidence and the angle of

reflection.
c. If the angle of incidence is 20 degrees, what is the angle of

reflection?
Section 23.2

5. The graphic shows a ray of light travels from air into water.

a. Copy the sketch and draw the normal line at the boundary
between the air and water.

b. On your sketch, label the angle of incidence and the angle of
refraction.

c. Find and label the index of refraction for each material on your
sketch.

6. A light ray crosses from a piece of glass into a liquid. You observe
that the light ray bends closer to the normal passing from the glass to
the liquid. Based on this observation, how does the index of refraction
for the liquid compare to the index of refraction for the glass?
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Section 23.3

7. A 2-centimeter tall object is positioned 10 centimeters from a
converging lens with a focal length of 5 centimeters.

a. Copy the graphic to scale on your own graph paper. Trace the
rays and predict where the image will form.

b. Is the image real or virtual?
c. What is the image size compared to the object size?
d. Is the image upright or inverted?

8. A 2-centimeter tall object positioned 4 centimeters from a converging
lens. The focal length of this lens is 5 centimeters.

a. Copy the graphic to scale on your own graph paper. Trace the
rays and predict where the image will form

b. Is the image real or virtual?
c. What is the image size compared to the object size?
d. Is the image upright or inverted?

9. If a 1-centimeter diameter coin is viewed under a lens with a
magnification of 2.4, what will the diameter of the image be?

Applying Your Knowledge

Section 23.1

1. The phrase “MY MOM” is held in front of a flat mirror. When you
read it in the mirror, what do you read? Try it and find out. Make sure
you use capital letters.

2. Why do ambulances often have the reversed lettering for
“AMBULANCE” on the front of their vehicles?

Section 23.2

3. In section 23.2, you learned that it is possible for objects to appear
invisible. Write a short science fiction story that includes this
phenomenon in the plot. Be sure to explain accurately the science
behind why and how this can happen.

4. Chromatic aberration is a common optical error found in simple
lenses. It causes colored images to appear blurry instead of in sharp
focus. Use what you know about prisms and rainbows to explain why
chromatic aberration occurs. Research how chromatic aberration can
be corrected using lenses.

5. A microscope is a tool scientists use to magnify cells and very small
objects. Find and study a labeled diagram of a microscope.
Magnification for this tool depends on the eyepiece and objective
lenses. Describe these parts and explain where they are located on a
microscope. How do you calculate the magnification of a
microscope?

Section 23.3

6. Your eye is an entire optical system that works together with the optic
nerve and your brain to help you see images. Research the human eye
and write a report that answers the following questions:
a. What is the 

purpose of 
the iris in the 
eye?

b. What is the 
purpose of 
the optic 
nerve?

c. What is the purpose of rod and cone cells?
d. What is the purpose of the lens?
e. How does the flexibility of the lens affect your ability to see?

7. A telescope can be used for looking at objects on Earth as well as in
the sky. What do the following words mean when used to describe the
working of a telescope: aperture, magnification, reflector, and
refractor?
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