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Light and Optics

Introduction to Chapter 15

Cameras, telescopes, and our eyes are all optic devices. Rays of light are
everywhere and optic devices bend and bounce these rays to produce all the colors
and images that you can see. This chapter will introduce you to the science of
optics.

Investigations for Chapter 15

Seeing an Image What does magnification really mean and how
do you plot a reflected image?

We see images based on what happens to light. In this Investigation you will
discover how light can be bent by a lens to magnify an image, or bounced by a
mirror to produce a reflected image. Plotting the rays of light from an object will
allow you to understand what a mirror or lens is doing.

m The Human Eye How does a lens form an image?

A lens can bend light to create amazing images. The actual bending of the light in
our eye is caused by a clear lens that can change shape slightly. The shape-changing
lens in the eye allows us to see close up or far away. In this Investigation, you will
work with lenses to focus light and create images

m Optical Technology How are optics used in everyday life?

Fiber optics are becoming one of the most important and versatile aspects of optical
technology. Fiber optics work on a simple principle. If light is traveling in a material
like glass or water, and enters into air, it can become trapped in the material. In this
Investigation you will explore total internal reflection, the process that makes fiber
optics possible.




Chapter 15: Optics

Learning Goals

By the end of the lesson, you will be able to:

v Describe the function of the human eye.

v Describe the difference between objects and images.
v Describe and demonstrate the formation of an image.
v Draw a ray diagram for a lens.

v Calculate the magnification of a lens.

v Describe the index of refraction and explain how it is applied in the making of lenses.

v Identify the characteristics of reflection.

v Draw a reflected ray.

v Predict how light will bend when its speed changes.
v Understand internal reflection.

v Identify uses of fiber optics.

Vocabulary

angle of incidence focal length index of refraction reflected ray

angle of refraction focal point lens refraction

converging focus normal total internal reflection
critical angle image ray diagrams virtual image
diverging incident ray real image
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Chapter 15

15.1 Seeing an Image

Try this quick experiment: Take a magnifying lens and look through it at your thumb. You can adjust
the distance until the thumb is big. You are actually seeing a big thumb. You are bending the light that is
coming from your thumb, so that you see a huge thumb. Imagine how big your hand would be if your
thumb really was that big. It would be a giant hand!

Now imagine that a few cells of your thumb were under a microscope. You can see the individual cells
of your skin. You can see parts of the cell and they look big. Now imagine how big your thumb would
be if all the cells were actually that big. Wow! You have the hand of super giant! Of course, your hand
is actually the same size it always was, though what you see is a super giant hand. One branch of optics
is the study of how to manipulate light to create images that are different from the original object.

. . Figure 15.1: 4 magnifying glass
What is OptICS? makes your thumb look as big as if
you were a giant!

Definition The study of how light behaves is called optics. Optics deals with the collection
of optics and use of light to create images. The category of optics covers devices that direct
light like lenses, mirrors, cameras, telescopes, and microscopes. It includes events
of light like rainbows, sunsets, and eclipses. Ultimately, all of the light from these

sources gets to your eye. We will see that the eye itself is an optical instrument.

Lenses, mirrors, Your eye contains a lens. A lens is one kind of optical device that is used to bend
and prisms light. By bending the light so that it comes together (converging), you can magnify
an image and by bending the light so that it spreads apart (diverging), you can get a

smaller image.

A mirror is a familiar optic device; you probably used one this morning. Mirrors
reflect light and allow us to see ourselves. Flat mirrors show a true-size image.
Curved mirrors cause light to come together or spread apart. A fun house at the
circus uses curved mirrors to make you look thin, wide, or upside down. Curved
mirrors distort images. The curved side-view mirror on a car, for example, makes  Figure 15.2: Lenses, mirrors, and
the cars behind you look farther away than they really are. prisms are part of the study of optics.

A prism is another optic device that can cause light to change directions.
Traditionally, a prism is used to separate the colors of light and to demonstrate
how light bends (refracts) as it travels through different media (figure 15.2).

15.1 Seeing an Image 247
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Light rays

v

What is
a light ray?

Drawing light rays

in diagrams

Rays come from

248

objects

It is convenient to think about light in terms of rays. A ray of light can be
considered an imaginary arrow that follows a single beam of light. This
simplification allows us to analyze where the light travels. We only need to follow
the rays. Very often we will need to follow several rays of light to determine what
will happen.

LIGHT RAYS

IS
Sted] OPTICAL

SYSTEM

Light waves are like the waves you see in the ocean as they move continually
toward the beach. Rays are represented by lines that are perpendicular to the wave
fronts. The lines have arrows that show you which way the light is moving. When
you see a ray drawn on a diagram, you should know that technically, the ray isn’t
really one ray of light but a series of light waves. Figure 15.3 uses an arrow to
represent which way the light waves are moving.

When we see an object, every point on the object reflects many rays of light. Let’s
consider an example to demonstrate what this means. Look at the clock in your
classroom, and focus on the number seven. If you walk around the room, you will
find that you can still see the number seven. This demonstrates how light from a
single point (in this case, the number seven) can be seen from different angles.
This is true because light is reflected to all angles in the room. Figure 15.4 is an
illustration of how light rays are reflected off a vase.

Figure 15.3: The relationship
between rays and wave fronts. The ray
is the path of the wave.

Figure 15.4: Every point on an
object is the source of many light rays
that come at all angles to the viewer.



Images

Rays
come together
in an image

Objects and
images

Light travels
in straight lines

Light rays
can be bent

Suppose you could collect all the rays from one point on an object, bringing them
all together again. You would have created an image. An image is a place where
many rays from the same point on an object meet together again in a point. A
camera works by collecting the rays from an object and bending them so they form
an image on the film.

It is helpful to think about optics in terms of objects and images. Objects are any
real physical things that give off or reflect light rays. Images are “pictures” of
objects that are formed in places where light rays from the object meet. The focus
is the place where all the light rays from the object meet to form the image.

Normally, light travels in straight lines. Most of the time, when you see some
object, it is because the light traveled in a straight line from the object to your eye.
As long as nothing is in the way, you can be sure the object is precisely where you
perceived it to be. This is because the light rays did not bend.

To make images, we often need to bend light rays. Light is sometimes bent
between an object and your eye. This bending will usually make the image appear
different from the object in size or location. A good example is seeing a fish under
water. The light waves from the fish bend as they travel from the water to the air.
Due to the bending rays, the image of the fish appears in a different place from
where the fish is actually swimming.

15.1 Seeing an Image

Chapter 15

Figure 15.5: The difference
between objects and images.

The light rays from the object are bent
when they go through the lens. Our
brain does not know the rays were
bent. We “see” the rays as having
traveled in straight lines.

The image appears larger because the
lens has bent the light rays so they
appear to come from a larger object.
This is the principle of the magnifying
glass.

Figure 15.6: 4 magnifying glass
makes a virtual image that appears
larger than the object.
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Optical systems

What is
an optical system?

Refraction

Reflection

The telescope

An optical system collects light and uses refraction and reflection to form an
image. When we use an optical system, we do not see the actual object. What we
really see is an image. When light is bent through an optical system before it gets
to our eyes, the image we see might not represent the actual object as it truly is.

Refraction is the bending of light that occurs when light crosses a boundary
between two different substances. Usually one is air and the other is a clear
material such as glass, plastic, or even water. A lens is a special shape of clear
solid material that uses refraction to cause light to come together or spread apart.
A magnifying glass on a sunny day can be used to illustrate how one type of lens
works (figure 15.7).

A mirror reflects rays of light so that they change their path. Reflection happens
when objects or waves can “bounce” off a surface. Whenever a wave strikes a
surface, part of the energy is reflected. By changing the shape of a mirror you can
also cause light to come to a focus, just like with a lens (figure 15.8).

A telescope is a collection of lenses that can magnify an image. When you look
through a telescope, the rays of light are bent and appear as if they were coming
from an image much closer than the actual object. A telescope is an optical system
that makes objects appear larger than they are, and sometimes upside down!

Why we see
magnified images

250

The illusion created by a telescope happens because we perceive that light travels
in a straight line. If the device bends light so that it appears to have come straight
from a large object, then we see a magnified image.

Hot spot

Figure 15.7: 4 magnifying glass
can bend many rays to come together
at a focus. On a sunny day the focus
can be quite hot!

Light Rays
A —

Figure 15.8: Mirrors also change
the direction of light rays. A curved
mirror can make light rays from the
sun change direction and meet at a
focus, just like a lens. This is how
solar ovens work.
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The functions of Most optical devices have two important functions.
an optical system

1 They collect light rays. A plastic bag lens
2 They bend the collected light rays to form an image.

Both functions are important. If you are interested in astronomy, for example,
most of the things in the night sky don’t produce enough light for our eyes to see.
Not only does a telescope make things appear larger, it also collects more light so
we can see fainter objects.

The ray diagram To figure out how an optical system works we often draw ray diagrams. Ray
diagrams trace how several light rays behave as they go through the system. The

rays come straight from an object and are bent or bounced as they encounter a lens Water is capable of bending
or mirror. By tracing the rays through the system we are usually looking to find light. Take a clear plastic bag
what kind of image will be produced. and fill it with water. Now

look through it. What you

Some typical questions that we use ray diagrams to answer are: i )
see is called an image. The

1 Where is the focus (or is there a focus)? shape of the optic device
2 Will the image be magnified or reduced in size? determines the shape of the
3 Will the image be upside down or right side up? image. Squeeze the bag in
4 Will the image be inverted left to right? dliffarent plioses and sae Lo

the image changes.

Light rays

15.1 Seeing an Image 251




Chapter 15

Reflection and mirrors

Mirrors create a  When you look in a mirror, you see an image. The image appears to be behind the
virtual image mirror and is reversed from left to right. For example, if you hold a stop sign in
front of a mirror, the letters appear backward. Why does this occur?

Incident and
reflected rays

The law of
reflection

252

Mirror

@

Image

The light rays that travel from the
“S” in the stop sign hit the mirror at
an angle and are reflected back to
your eye at an equal but opposite
angle.

Your brain assumes that this
reflected ray traveled to your eye in
a straight line from an “object”
behind the mirror. As a result, the
image of the “S” appears to have
come from the opposite direction as
the actual letter on the stop sign.

To investigate mirrors further, we will talk about incident and reflected rays. The
incident ray is the ray that comes from the object and hits the mirror. The reflected
ray is the ray that bounces off the mirror (figure 15.9). There is a rule that tells us
how to predict the direction of the reflected ray once we know the incident ray’s

direction.

The rule that determines the reflected ray is called the law of reflection. This law is
very simple: Light rays bounce off a mirror at the same angle at which they arrive.
The only tricky part is defining the angles. To keep things clear we always define
angles relative to the normal. In optics, the normal is a line perpendicular to the

mirror (figure 15.9).

If a light ray comes in at an angle of 30 degrees from the normal, it bounces off at
the same angle, 30 degrees. If a ray comes in at zero degrees (straight on) it also
bounces back at zero degrees. In other words, the light comes in and reflects out

on the same normal.

Incident Reflected

ray ray

Figure 15.9: The normal is a line
perpendicular to the mirror. The
incident ray is the ray that comes in to
the mirror. The reflected ray is the ray
that bounces off the mirror.

Figure 15.10: The law of
reflection states that the angle of
incidence (01) is equal to the angle of
reflection (0,). By throwing a ball
against a wall, how could you
demonstrate that 0] = 0,7



Refraction and lenses

Refraction

What is a lens?

Focal point and
focal length

Converging and
diverging lenses

When light crosses the boundary between two different (transparent) materials the
rays may bend. We call the bending refraction. Refraction happens because the
wave fronts move more slowly in materials other than air (figure 15.11). As we
already learned, if we change the shape of wave fronts we can turn a wave.

A lens is a shape of transparent material, like glass, that is used to bend the light
rays. Figure 15.12 shows how the curved surface of a lens works. We choose the
shape of the lens depending on how strongly we want to bend the light. Lenses
come in many different shapes and strengths.

focal point Lens focal point

axis of lens \ ’&

Lfocal length —-|~—foca| Iength“

Almost all lenses are shaped to have a very useful property. Light rays that enter a
lens parallel to its axis will bend to meet at a point called the focal point. The
distance from the center of the lens to the focal point is called the focal length. The
focal length of a lens determines how powerful the lens is and how it can be used
to focus light.

<

There are two kinds of lenses we will examine. Converging lenses bend the
parallel light rays passing through them inward toward the focal point. Diverging
lenses bend the parallel light rays passing through them outward away from the
focal point. A parallel beam coming into a diverging lens is bent away from the
focal point.

focal point focal point
33— /
i =
| ]
v

Converging Lens

Diverging Lens

15.1 Seeing an Image
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Figure 15.11: 4 ray of light is
refracted (bent) when it crosses from
one material into another.

Air

Figure 15.12: For a curved
surface, the amount the ray bends
depends on where it hits the surface.
Rays farther out are bent the most. If
the surface is curved just right, all the
rays that hit the lens are bent so they
meet at the focus.

253



Chapter 15

Forming images with lenses

Why are lenses
useful?

What kinds of
images are
formed?

Step 1: Draw the
axis and focal
points.

Step 2: Draw three
rays from the
object’s tip.

Step 3: The image
of the object’s tip
is found where the
three rays meet.
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Lenses are used in eyeglasses, microscopes, telescopes, and other devices to form
images. An image, as you have learned, forms when light rays emitted or reflected
from one point on an object meet at a point again. Ray diagrams can be used to
show where the image will form, how large the image will appear, and whether it
is upside down or right side up.

If an object is placed to the left of a converging lens at a distance greater than the
focal length, an inverted image is formed on the right-hand side of the lens. We
call this image a real image. Real images can be projected on a smooth surface,
like photographic slides onto a wall. Since real images are inverted, slides must be
loaded into the carousel upside down, so that the picture appears right side up!

Example: A lens has a focal length of 10 centimeters. An object is placed
15 centimeters to the left of the lens. Trace the rays and predict where

the image will be. |s the image bigger, smaller, or inverted?

i Lens
) focal point ! focal point
Obj60t¢ | axis
o | o
| 10cm
15 cm
. distance |
| |
object — —

The image is formed 30 cm to the right of the lens. It is magnified and inverted.

If an object is placed to the left of a converging lens at a distance less than the
focal length, the lens acts as a magnifying glass. The lens bends the rays so that
they appear to be coming from an object larger and farther away than the real
object. These rays appear to come from an image, but don’t actually meet, so the
images are called virtual images. Mirrors create virtual images.

Galileo and the

telescope

Lenses were being made as
early as the 13th century to
help people see. Galileo did
not invent the telescope, but
he learned of it around 1608.
He was the first to use it as a
tool for astronomy, and by
1609 he had created an

improved telescope of far
better magnification than any
in existence.

One of the first things Galileo
saw was that the line between
dark and light on the Moon
was not smooth, but jagged.
Galileo correctly recognized
that the jagged line was due
to tall mountains on the moon
casting shadows onto the
lighter side. His 400-year- old
sketches show incredible
detail including craters and
the lunar maria (seas).




The index of refraction

The index of
refraction

Higher index
means more
bending

The prism

Splitting colors
with a prism

Light waves travel at a slower rate through glass and other transparent materials
than through air. This is because the wave has to constantly be absorbed and
reemitted by all the atoms in a material (figure 15.13). Since not all atoms are
alike, you might expect different materials to slow the light by different amounts.
This is indeed true, and we have a ratio called the index of refraction that tells how
much the speed of light is reduced when it passes through a material.

The index of refraction is a ratio of the speed of light in a vacuum (or air)
compared with its speed in a material. The number is always greater than one
because light travels fastest in a vacuum. We use the letter n to represent the index
of refraction.

The higher the index of refraction, the more a light wave bends when crossing in
or out of the material. Figure 15.14 gives some typical values of n for common
materials. Light waves are strongly bent by a diamond. It is the high index of
refraction that gives diamonds their sparkle and beautiful rainbows of color.

White light

Red
Orange
Yellow
Green
Blue
Violet

A prism is a polished shape of glass that you can use to investigate refraction. A
common shape for a prism is a triangle. Light coming into any face of the prism is
bent by refraction. The light is bent again when it comes out of the prism.

The index of refraction varies slightly depending on the color of the light. Blue
light is bent more strongly than red light. Because of this you can use a prism to
split white light up into different colors. Blue light is on one end of our visible
spectrum. Red light is on the other end.

Chapter 15

N
B

Figure 15.13: Light travels
slower through glass because it is
continually absorbed and reemitted by
each atom it passes through.

The index of refraction (n)
speed of light in air

5peed in material

Material Index (n)

Air 1.00

Ice 1.31
Water 1.33
Ethyl alcohol 1.36
Fused quartz 1.46
Crown glass 1.52
Cubic zirconia 2.20
Diamond 2.41

Figure 15.14: Index of refraction
(n) for some common materials.
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