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Correspondence to the National Science Education
Standards (NSES)

This unit relates to the following NSES physical science content standards in
grades 5-8:

Transfer of Energy

. “Energy is a property of many substances and is associated with heat, light,
electricity, mechanical motion, sound, nuclei, and the nature of the
chemical. Energy is transferred in many ways.”

. "Light interacts with matter by transmission (including refraction),
absorption, or scattering (including reflection). To see an object, light from
that object- emitted by or scattered from it - must enter the eye."

. “In most chemical and nuclear reactions, energy is transferred into or out of
a system. Heat, light, mechanical motion, or electricity might all be
involved in such transfers.”

. “The sun is a major source of energy for changes on the earth’s surface. The
sun loses energy by emitting light. A tiny fraction of that light reaches the
earth, transferring energy from the sun to the earth. The sun’s energy
arrives as light with a range of wavelengths, consisting of visible light,
infrared, and ultraviolet radiation.”

This unit relates to the following NSES physical science content standards in
grades 9-12:

Conservation of Energy and the Increase in Disorder
“The total energy of the universe is constant. Energy can be transferred by
collisions in chemical and nuclear reactions, by light waves and other
radiations, and in many other ways. However, it can never be destroyed. As
these transfers occur, the material involved becomes steadily less ordered.”

Interaction of Energy and Matter

. “Waves, including sound and seismic waves, waves on water, and light
waves, have energy and can transfer energy when they interact with matter.”
. "Electromagnetic waves include radio waves, microwaves, infrared radiation,
visible light, ultraviolet radiation, X-rays and gamma rays. The energy of
electromagnetic waves is carried in packets whose magnitude is inversely
proportional to the wavelength.”

. “Each kind of atom or molecule can gain or lose energy only in particular
discrete amounts and thus can absorb and emit light only at wavelengths

corresponding to these amounts. These wavelengths can be used to identify
the substance."
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1. The Science of Color

The nature of color is intimately related to light and the interactions of
light with matter. Therefore, the nature of light has to be examined first.
Light is a form of energy that is propagated like a wave, similar to the waves in
the ocean. Waves have a wavelength, which is the distance from crest to crest,
and a frequency which is the number of waves that pass a given point per
second. But there are many differences between light waves and other waves.
Unlike a wave in the ocean or a sound wave, light waves do not need a medium
such as water or air for propagation. Light is transmitted through a perfect
vacuum. "

Everyone has observed that a stick protruding from a body of water
appears to have a kink in it at the surface of the water. Try it with a pencil in
a glass of water. This is because the speed of light is different (slower) in water
than it is in air. According to Fermat’s principle, light follows the path that
minimizes its time to pass from point A to point B. When the path includes
media with differing indices of refraction, this requires that the light path bend
at each interface. This is known as refraction. The difference in the speed of
light in different materials relative to that in a vacuum is expressed as the
index of refraction of the material.

Light can also be scattered by small particles in the air. That is why
dirty water appears cloudy and why visibility is limited on a smoggy day. When
this phenomenon operates differently on different wavelengths of visible light,
colors are produced.

Color arises from a variety of causes, both physical and chemical in
origin. These causes will be explored throughout this module and are
summarized in Figure 1-1. In general, physical origins of color are those that
can be traced to the wave nature of light interacting with matter, while the
chemical origins of color relate to the interaction of light with electrons to
produce transitions in energy states. Examples of physical origins of color
include scattering, interference, diffraction, and refraction. Examples of
chemical origins of color include selective absorption of wavelengths by
chemical bonds that can produce colors seen in reflection or transmission. In
some cases, the absorbed electrons move into excited (or metastable) states
where they produce emitted colors by decay to a ground (or stable) state. The
physical and chemical origins of color are summarized in Figures 1-2 and 1-3.
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Figure 1: The Origins of Color
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Figure 2. Some of the physical causes of color include
scattering, refraction, diffraction, and interference
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Light is just one small segment of a wide electromagnetic spectrum that
includes radio waves, microwaves, infrared radiation, visible light, ultraviolet
radiation, X-rays, gamma rays, and cosmic rays. The frequency correlates
directly with energy and inversely with wavelength; the higher the frequency,
the higher the energy of the photon; the longer the wavelength, the lower the
energy. Cosmic and gamma rays, followed by X-rays are the most energetic
photons and radio waves are the least as shown in Figure 1 on laboratory 1-1.

Why is the visible part of the spectrum in the region where it is? To
answer that question we must first examine how light interacts with matter.
All matter is made of atoms which contain electrons and these electrons are in
discrete orbitals. A photon of the proper energy can interact with the electrons
and be absorbed. Because electrons can only be found in discrete orbitals or
energies, the energy of the absorption has to correspond to the energy
difference between orbital states. If the energy of the photon is too low, such
as in the infrared or microwave region, the photon cannot cause an electronic
transition between orbitals and the photon may simply pass through the
material as if it were not there. We are surrounded by low energy
electromagnetic radiation in our daily lives that pass through matter including
buildings and our bodies. For example, radio waves are all around us and can
easily be detected by turning a radio on, which is equipped with an antenna to
capture the energy. You can try to shield the antenna with your body, or put it
in a light structure like a wooden garage, but it will continue to receive radio
waves.  On the other hand, if the energy of an electromagnetic wave is high
enough, it will be absorbed and break bonds in organic molecules. An example
of this kind of ionizing radiation is x-rays. The human eye contains structures
in the retina called rods and cones where chemical reactions occur in response
to light that allow us to detect light and color. The portion of the
electromagnetic spectrum that is sufficiently energetic to cause reversible
changes to the rods and cones in the eye, but not so energetic as to cause
permanent changes is referred to as the visible spectrum or visible light and it
comprises all the colors that we can see. Each color of the spectrum is
associated with a specific frequency or narrow frequency range of light.
However, the human eye responds to color in its own unique way and actually
interprets color based on it own set of rules. This module addresses how the
eye perceives color and how the primary additive colors, red, blue, and green,
and the primary subtractive colors, cyan, yellow, and magenta interact to

provide a wide range of colors in a simple series of demonstrations and
experiments.

The manner in which electrons in atoms and molecules interact with
light depends on the environment the atoms or molecules are in. Specifically,
the electronic state and the available orbitals are critical and these are
determined by the electronic structure of the element involved and how it is
bonded to its neighboring atoms. The type and strength of bonding is different
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in gaseous, liquid, and solid matter. These effects are some of the chemical
causes of color which are highlighted in Figure 2. This module addresses some
of the fundamental aspects of color in the three states of matter in several
simple experiments.

In gases the electronic states are limited, because there are relatively few
atomic and molecular gaseous species and correspondingly few orbital
transitions. This limits the color causing phenomena found in gases, although
refraction and scattering are physical causes that can occur if large bodies of
gases are involved, such as in the earth’s atmosphere. A much larger range of
atomic and molecular species and mechanisms for interaction is found in
liquids leading to a wide range of color phenomena. These can involve the
electronic transitions of the molecules in the liquid themselves, such as in the
blue ocean water. Or it may be due to an ion of a dissolved salt or a molecule,
such as in inks or colored drinks. Or it may be due to a dissolved liquid or
solid in the form of a suspension, which is the case in milk or paints. Solids
have the most complex electronic structures and therefore have the most varied
color causing phenomena. Examples are found all around us in nature in
plants, rocks, minerals, and gems; also in man-made products including
paints, ceramics, plastics, building materials etc. Certain materials change
color based on an external effect such as temperature or pressure. Some
animals can control the amount of pigmentation in their skin or scales and
have the ability to change color in response to external stimuli. These effects
are presented separately in a section on Dynamic Colors.

Color is not an intrinsic characteristic of an object like size, shape or
mass. Rather it is a result of the interaction of light with the object and the
interaction of the light that enters the eye. This is easily demonstrated by
observing colored objects under a strong light of one color, such as red or
yellow. Most of the objects will appear to be nearly the same color with
variations in intensity. For example, certain city lights are sodium filled and
emit a strong yellow light. Cars of vastly different colors will appear similar
under sodium vapor light. Objects can interact with light in three ways,
absorbing, reflecting, or transmitting it; or some combination of these three.
The exact way the object interacts with light and how the human eye interprets
the resultant light that enters the eye is what determines an object’s color.
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Chromatics - The Science of Color
Laboratory No. 1-1

Surfing the Electromagnetic Spectrum

Plll‘EOSC:

To demonstrate the relationship between color and wavelength of light.
Materials:
1. An incandescent light source (overhead projector.)
2. Mercury and neon (krypton) pen lamp
3. Diffraction grating or a prism and slit (two tablets of paper).

Discussion:

What we see as visible light actually comprises a very small portion of
the electromagnetic spectrum from about 400 to 700 nm (400 x 10®° - 700 x 10°
m ). The colors in the visible spectrum are each associated with a specific
wavelength region as shown in Figure 1. A light wave carries an energy with it
which is proportional to its frequency. Red light has the longest wavelength
and shortest frequency and is the least energetic component of the visible

spectrum. Blue light, at the opposite end of the spectrum, is the highest energy
radiation which we can see.
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Figure 1. Visible light comprises a very small component of the electromagnetic
spectrum.

Color is how we sense the energy carried by a light wave. Our eyes
contain two types of special detectors that are sensitive to visible light. These
were named rods and cones after their structural shape. Figure 2 shows the
sensitivities of rods and cones to visible wavelengths. Rods enable us to see at
night; although rods are very sensitive to light, they cannot distinguish color.
Cones are responsible for color vision and are divided into three classes which
absorb primarily either red, green, or blue light. They are less sensitive to light
than rods, which is why we cannot see colors at night. Equal stimulation of all
three cones yields white light. Non-uniform stimulation of the three cones can
result in the ability of the eye to distinguish up to ten million colors.
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Figure 2. The sensitivity of the rods and cones of the human eye in arbitrary
units as a function of wavelength of light. The rods in our eyes are very
sensitive to light and enable us to see at night while the three types of cones
give us color vision during the day.
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Our eyes are not sensitive to waves with energies outside the limited region
defined as the visible spectrum. Infrared light has too low an energy to excite a
chemical reaction in our rods and cones. However, we can detect IR radiation
as heat! Ultraviolet light is too energetic and actually damages our cells; we
may "see" UV light indirectly through the mechanism of fluorescence, which is
discussed in Section 4. Certain insects and animals have developed eyes which
may see other "colors" outside our limited range, including infrared radiation,
in order to survive. Night vision devices employed by law enforcement and the

military make objects more visible in low light situations by “intensifying” the
available light.

Individual colors of the spectrum can be mixed to create the other colors in the
spectrum. Red and yellow produce orange for instance and red and violet can
produce various shades of purple. The greatest number of colors can be made
by mixing one color from each of the two ends of the spectrum (red and blue)
and one in the middle (green). Red, blue and green are known as additive
primaries for this reason.

Note that mixtures of red and blue, such as magenta, are colors that we can
see, but are colors that are not observed in rainbows. This is because the
rainbow consists of colors of light in order from the lowest wavelength (blue) to
the longest wavelength (red). In contrast, magenta is a color that is a mixture
of blue and red.

The sun and normal incandescent light bulbs produce nearly white light by
mixing all the wavelengths (colors) together. White light can be separated into

its component colors, called a spectrum by passing the light through a prism or
through a diffraction grating.

Materials can emit visible light when their constituent atoms or molecules
heated to a sufficiently high temperature. If the emitted light is passed
through a diffraction grating or prism, a spectrum of characteristic wavelengths
is produced. The sun or an incandescent light bulb will produce a band of color
called a continuous spectrum while a gas such as hydrogen will produce discrete
wavelengths of light called an emission (bright line) spectrum. Dyes, filters, or
gases may remove specific wavelengths of light while reflecting others. White
light passed through a transparent material of this type will produce an
absorption or dark line spectrum. A dark line will appear against a colored

background where a specific wavelength has been removed or absorbed by the
material.
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Procedure:

1. Turn on the incandescent light source and direct the light onto a diffraction
grating. What colors are produced?

2. Turn on the mercury lamp and direct the light onto a diffraction grating.
What colors are produced?

3. Turn on the neon lamp and direct the light onto a diffraction grating. What
colors are produced?

(If using a prism instead of a diffraction grating, direct the light onto a slit
and then the prism to better see the output light. Darken the room if
necessary.)

Questions:

1. Why did you observe the different colors in procedures 1, 2, and 3?

2. Why can't we see colors well at night?

3. What do you think will happen if you pass a red laser beam through a
prism?

Answers:

1. An object’s color depends upon the wavelengths of the light illuminating it.

2. Our color receptors in our eyes (cones) are not sensitive enough to
distinguish color at low light levels.

3. Ared laser is composed of only one frequency of light, so the red light would

refract (bend) as it passed through the prism, but it would emerge from the
opposite side a red beam.

© General Atomics Sciences Education Foundation, 1997, All Rights Reserved
17



Chromatics - The Science of Color
Laboratory No. 1-2

Light Emitting Colors and Their Color Mixing

Purpose:

To investigate how additive color mixing works using a color monitor or
TV.

Materials Needed:

1. Color computer monitor/computer

2. 8 X magnifying glass (such as Radio Shack 30X illuminated microscope and
8X magnifier C/N 63-851)

3. Color painting or drawing software is helpful, but not necessary

Discussion:

Our eyes are sensitive to three primary colors, red, green and blue. That
is because our eyes contain three different types of color receivers called cones.
We each have a red cone for seeing red light, a green cone for seeing green light
and a blue cone for seeing blue light. Our brain interprets different amounts of
red, green and blue light that hits our eyes at once as various colors. If only
red light hits our eye, we see the object as red. If equal amounts of red light
and green light hit our eyes, we see yellow. If no visible light hits our eyes, we
see black and if equal amounts of red, green and blue light hits our eyes, then
we see white. These and other combinations are shown in table 1 below.

Note that red, green and blue are called the primary colors of light or the
primary additive colors because adding these particular 3 colors in different
combinations produces essentially all of the colors that we can see.
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Table 1: When equal intensities of light of the colors in the first 3
columns strikes your eye, you see the color in the 4th column

RED GREEN BLUE You see

BLACK
X RED
GREEN
BLUE
YELLOW
CYAN
MAGENTA
WHITE

>
MR [

ollal el e

X
X

So how does this work to get all the colors using only three colors of
light? Picture that you have a number of small lights consisting of the three
primary colors. When red light is added to green light, your eye registers equal
amounts (or parts) of red and green light. Your brain averages them to yellow.
But what about orange or purple? Adding red (one part red) to yellow (one part
red and one part green) results in orange. So orange is 2 parts red and one
part green. Similarly, since purple is between magenta (one part red and one

part blue) and blue (one part blue), purple results when more blue than red
light strikes your eye.

Procedure:

1. Using some graphics software, produce solid squares of black, white,
red, green, blue, cyan, magenta, and yellow on the computer monitor
2. Using the magnifying glass, look at how black, white, red, green, blue,

cyan, magenta, and yellow are produced by the color monitor. Prepare a table
summarizing these results.

Question:

How are red, green and blue light mixed to produce the colors black,
white, red, green, blue, cyan, magenta, and yellow?

Answer:

The table should look like Table 1. The computer monitor uses an array

of red, green, and blue lights to produce the wide range of colors that we
observe.
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Chromatics - The Science of Color

Laboratory No. 1-3

Colors That Absorb Light

Purgose:

To investigate the subtractive or absorptive properties of transparent
films of different colors.

Discussion: How we see colored objects:

Recall again that the colors that we see depend on the relative amounts
of red, green or blue light that shines on our eyes, as summarized in Table 1 of
the previous section. Consider the three colors cyan, yellow and magenta.
Each of them consists of a combination of two of the primary colors of light.

Now let's consider objects that appear to be one of the primary colors,
such as a red apple. Again, the apple does not give off light, so that its color
must be due to light that is reflected off of it. For the apple to appear to our
eyes to be red, only red light must be reflected off the apple, so that only red
light strikes our eyes. Therefore, the red apple must absorb all light other than
red. In other words, it absorbs the green and the blue parts of the white light.

Thus, a red object absorbs all light other than red so that it reflects only
red light back to our eyes. Similarly, a blue object absorbs all light other than
blue and reflects only blue light back to our eyes. Finally, a green object
absorbs all light other than green and reflects only green light back to our eyes.
Now let's consider how an object such as a banana looks yellow. The banana
is certainly not a source of light. We observe that it has color only when it is
illuminated by room light or sunlight. Room light or sunlight is white light in
that it is a mixture of all the colors, including red, green and blue light. We
know this because we have seen how water or glass or a prism can produce a
rainbow from sunlight or room light. The banana has color because it is
illuminated by white light and some of that light is reflected by the banana
back to our eyes. Let us consider in detail the color yellow. An object appears
to be yellow if light coming from the object consists of an equal mixture of red
and green light without any component of blue light. For a light source such
as a computer monitor, yellow light was produced using red and green light.

What part of the white light has been reflected back to our eyes for us to
see that the banana is yellow? The banana must have reflected equal amounts
of the red and green portion of the white light back to our eye and it must not
have reflected any of the blue light back to our eye. In other words, it absorbed
all of the blue light. Therefore yellow (due to the reflected yellow light which
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entered our eye) can be viewed as the color which absorbs all of the blue part of
the white light and does not absorb any of the red or green part of the white
light. In other words, yellow subtracts or removes blue light from white light.
Yellow is called one of the primary subtractive colors.

In a similar manner, from Table 1 of the previous section, it can be seen
that cyan is the color which absorbs (subtracts) red light and magenta is the
color which absorbs (subtracts) green light. Cyan, yellow and magenta are
called the primary subtractive colors. These results are summarized in the
table below.

Table 2: How we see colored objects

When white |These colors are So these colors | So you
light strikes |absorbed are reflected see
a surface
with the
color
RED | GREEN | BLUE | RED | GREEN | BLUE
WHITE X X X WHITE
CYAN X X X CYAN
YELLOW X X X YELLOW
MAGENTA X X X | MAGENTA
RED X X X RED
GREEN X X X GREEN
BLUE X X X BLUE
BLACK X X X BLACK
Cyan absorbs red light Your eye sees green
leaving green and blue + blue as cyan
R G B gC
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Red absorbs green and blue light
leaving red
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Materials Needed:

1. Color computer monitor/computer
2. 8 X magnifier
3. Transparent films of cyan, magenta, yellow, red, green and blue

4. Using some graphics software, produce solid squares of cyan, magenta, and
yellow on the computer monitor

Procedure 1:

1. Examine a white part of the computer monitor. Using the magnifier,
note that it consists of red, green and blue dots. Place the cyan colored film on
the monitor. Using the magnifier, notice which dot colors now look black or
much darker. Since cyan absorbs red, the red dots now appear black (since all
of the red light given off by the red dot was absorbed by the cyan film), while
the green and blue dots appear relatively unchanged. It is helpful to look at
the edge of the film using the magnifier so that you can see uncovered regions
as well as regions of the monitor covered by the film. Try using both single and
double thickness films.

2. Repeat step 1 using the yellow film. Which dots now appear black.?

3. Repeat step 1 using the magenta film. Which dots now appear black.?

4. Repeat step 1 using the red film. Which dots now appear black?

5. Repeat step 1 using the green film. Which dots now appear black?

6. Repeat step 1 using the blue film. Which dots now appear black?

Procedure 2:

Using some graphics software, produce solid squares of cyan, magenta,
and yellow on the computer monitor. For each situation below, perform the
experiment described and explain why you see the resulting color using either
words or a diagram.

- Place at least 2 layers of cyan film over the cyan square.

. Place at least 2 layers of magenta film over the cyan square.

. Place at least 2 layers of yellow film over the cyan square.

- Place at least 2 layers of cyan film over the magenta square.

. Place at least 2 layers of magenta film over the magenta square.
. Place at least 2 layers of yellow film over the magenta square.

. Place at least 2 layers of cyan film over the yellow square.

. Place at least 2 layers of magenta film over the yellow square.

. Place at least 2 layers of yellow film over the yellow square.

O ONO O WN -
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Results:

1. The red dots appear black because cyan absorbs red light.

2. The blue dots appear black because yellow absorbs blue.

3. The green dots appear black because magenta absorbs green.

4. The green and blue dots appear black because red absorbs green and
blue.

5. The red and blue dots appear black because green absorbs red and
blue.

6. The red and green dots appear black because blue absorbs red and
green.

2.

1. The cyan square stays cyan because cyan is a mixture of green and
blue and cyan only absorbs red.

2. The cyan square becomes blue because cyan is a mixture of green and
blue and magenta only absorbs green.

3. The cyan square becomes green because cyan is a mixture of green and
blue and yellow only absorbs blue.

4. The magenta square becomes blue because magenta is a mixture of red
and blue and cyan only absorbs red.

5. The magenta square stays magenta because magenta is a mixture of
red and blue and magenta only absorbs green.

6. The magenta square becomes red because magenta is a mixture of red
and blue and yellow only absorbs blue.

7. The yellow square becomes green because yellow is a mixture of red
and green and cyan only absorbs red.

8. The yellow square becomes red because yellow is a mixture of red and
green and magenta only absorbs green.

9. The yellow square stays yellow because yellow is a mixture of red and
green and yellow only absorbs blue.
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Questions:

1. White light strikes a liquid covering a reflective white sand surface. The
liquid absorbs all of the red and green components of the light. What color
does the liquid appear to be?

2. White light strikes a solid object. The material absorbs all of the red and
blue component of the light. What color does the material appear to be?

3. White light strikes a gas, which absorbs all of the blue and green
components of the light. After the white light passes through the gas, what
color does it appear to be?

4. A small solid body sends out (emits) white light. The white light strikes a
wide but thin body of gas that scatters blue light. What color does the solid
appear to be? What color does the gas appear to be?

5. A small solid body sends out (emits) white light. The white light strikes a
narrow but thick body of gas that scatters all of the blue light and some of the

green light. What color does the solid appear to be? What color does the gas
appear to be?

Answers:

1. The liquid will appear to be blue, since the red and green components were
absorbed. This is the basic color theory that explains the blue color of water.
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2. The solid will appear to be green, since the red and blue components were

absorbed.  This is the basic color theory that explains the green color of
plants.

G

3. The gas appears to be red, since the blue and green components were

absorbed. This is the basic color theory that explains the reddish brown color
of smog.
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4. The small solid appears to be yellow (red+green), since the blue component
was scattered. The is the basic color theory that explains the color of the sun.
If you look straight up into the sun, it appears to be yellow. If you look away
from the small solid object (the sun), the gas (air) appears to be blue. This is

the basic color theory that explains the blue color of the sky and the yellow
color of the sun.

Sun

G Space
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5. The type of diagram used in Answer 4 above can also be used to explain the
color theory behind the orange/red sunsets. When the sun is overhead, the
sun light passes through a small amount of air, which tends to scatter the
blue light. When the sun is near the horizon, the sun light must pass through
a thicker layer of air, which tends to scatter the blue light strongly, the green
light less strongly, and the red light hardly at all. (As we will see later, the air
scatters the light with the shortest wavelength the strongest.) Since most of
the red, just some of the green and almost none of the blue light reaches your
eye, the entire sky as well as the sun appears red or orange when the sun sets.
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Purpose:

To investigate how commercial colored pages are printed using cyan,

Chromatics - The Science of Color

Laboratory No. 1-4

Color Printing

magenta and yellow inks.

Materials Needed:

1. 30 X illuminated hand held microscope.
2. Printed colored pages from magazines, comics, cereal boxes, newspapers,

etc.

Discussion:

Color printing of intermediate colors is done using a combination of

adjacent and overlapping dots of cyan, yellow and magenta. The colors RGB are
produced by overlapping two of the CMY inks, namely red = Y/M, green = C/Y
and blue = C/M. The color black can be produced by overlapping C, Y and M.
Colors between each of these can be produced by using adjacent dots of

different colors. This will be explored in the next experiment.

Procedure:

1. Observe which dots produce different colors in the printed colored pages
2. Tabulate your data in the following way:

By eye In In In In In In
microscope | microscope | microscope | microscope | microscope | microscope
Color Amount of |Amount of | Amount of | Amount of | Amount of | Amount of
observed |cyan dots |yellow dots | magenta |C/Y = C/M = Y/M = Red
dots Green Blue dots
dots dots
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3. What conclusions can you make concerning how printed colors are
made?

Answers:

Printed colors are made using cyan, magenta and yellow dots. Black or
grays can be made using either black ink or using cyan/magenta/yellow.
Intermediate colors are produced by varying the ratio of these inks. Lighter
colors are made by varying the density of the dots on the white background.

Darker colors are made by increasing the density of the dots or by adding more
black to the background.

Many color pages contain small samples of the primary subtractive colors cyan,
magenta, and yellow so that the printer can calibrate his primary colors against
standards to ensure that the correct colors are being printed. Examples may be
Jound on the top side flap of Kellogg’s Crispix cereal, the top side flap of Post
Honey Bunches of Oats cereal, the top side flap of Girl Scout Thin Mint cookies,
and on bottomn of many pages of Parade Magazine, a supplement to most Sunday

newspapers, and many other places. Ask your students to find examples and
bring them to class to share and discuss.
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Chromatics - The Science of Color
Laboratory No. 1-5
Fermat’s Principle of Least Time

Purpose:

To understand reflection, refraction and dispersion (how a prism works)
using a simple yet powerful unifying principle.

Materials Needed:

1. Metric ruler
2. Calculator
3. Protractor

Discussion:

In 1657, Pierre de Fermat discovered a way to think about the behavior of
light called “the Principle of Least Time” or “Fermat’s Principle.” His idea was
this: that out of all possible paths that light might take to get from one point
to another, light takes the path which requires the shortest time. (It turns out
that this is one of the most powerful ways of formulating the laws of physics -
the general approach is called “the Principle of Least Action.” These laws,
including the laws of quantum mechanics, can all be formulated by considering
all possible paths between A and B and finding which path yields the lowest
value of a particular quantity.)

An interesting way to introduce this concept is by using the following
analogy. Suppose that a person who cannot swim has fallen out of a boat at
point B into the water and is screaming for help. Assume that point A is on
the shore and the shoreline separates the water from the land. You are at
point A on land and see the person fall in the water. You can run and you can
swim, but you can run faster than you can swim. What do you do? Do you go
in a straight line?
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land

Your friend

You

Shore line

You should realize that it is better to travel a greater distance on land
than on the water, because you go so much slower in the water. Therefore your
path will not be a straight line, but will be bent as shown by the bent path
above. This is an analogy that explains the principle of light refraction.

Now, taking this analogy a bit further, suppose that you and your friend
were at point A and observed the person falling in the water at point B. You
both run at the same speed, but your friend swims a lot faster than you. How
will his path differ from yours?

You should realize that it will be advantageous for your friend to swim a
longer distance in the water than you because your friend is a faster swimmer
than you. Therefore your friend's path will be different from yours, and will not
be as bent as yours. This is an analogy that explains the principle of light
dispersion and explains why a prism splits light into the rainbow of colors.

Now let’s consider two points A and B.

67mm B
A== ____ 1" 18mm
____________ ’I
57mm C
Straight solid line path | Dashed line path
X (mm) 67 57 + 18 =75
t=x/v 67mm/v 75mm/v

Fermat’s Principle says that the way to get from A to B in the shortest time is
to go straight from A to B. Therefore, in the same medium, light travels in a
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straight line. Any other path, such as the dashed path will be longer, so that
it would take the light a longer time to travel from A to C to B, since it’s speed
doesn’t change along the different paths. The table above shows the distance x
of each path in mm and the time it would take light to travel from A to B along
each path. This time is determined using the equation x=vt or t=x/v, where x
is the distance that light travels, v is the speed of light, and t is the time that
it takes for light to travel the distance x.

Student Exercise 1:

Draw 2 points A and B on a piece of paper. Draw a straight line path
connecting A and B and measure the length of the path. Now, using 2 or 3
straight line segments, draw other paths that go from A to B and measure each
of their lengths. As in the table above, calculate the time it takes for light to
go from A to B along each of the different paths, using the equation t=x/v.
Which path length produces the shortest time and why?

Now suppose that we add a mirrored surface M and ask the question:

what is the way to get from A to B in the shortest time, where the light has to
strike the mirror?

Solid path (ACB) Dashed path (ADB)
(Oi = B
X (mm) 30 + 53 = 83 63 + 30 =93
t=x/v 83mm/v 93mm/v

It can be shown by geometrical arguments or by trial and error that the
light will travel the path shown as ACB, where ©i = ©:. This can be
demonstrated by measuring the distances of other paths, such as the dashed
line path as shown in the table above: they will all be longer than the solid line
path shown. Therefore, the time it takes light to travel from A to the mirror to
B will be shortest for the solid line path shown. In other words, when light is
reflected, the angle of incidence i = the angle of reflection ®r, because that

leads to the shortest time for light to travel from A to the mirror and then on
to B.
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Student Exercise 2:

Draw 2 points A and B on a piece of paper above a line, as shown in the
reflection example above. Using a protractor, draw a straight line path that
goes from A to the line (representing the mirror) and then to B, where the angle
of incidence of the first line equals the angle of reflection of the second line.
Measure the length of the path. Now,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>