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 25.7 The Electromagnetic Spectrum 903

Infrared radiation, with its relatively long wavelength and low photon energy, 
produces effects in tissue similar to those of microwaves—heating—but the penetra-
tion is much less than for microwaves. Infrared is absorbed mostly by the top layer 
of your skin and simply warms you up, as you know from sitting in the sun or under 
a heat lamp. The wave picture is generally most appropriate for infrared.

In contrast, ultraviolet photons have enough energy to interact with molecules in 
entirely different ways, ionizing molecules and breaking molecular bonds. The cells 
in skin are altered by ultraviolet radiation, causing sun tanning and sun burning. 
DNA molecules can be permanently damaged by ultraviolet radiation. There is a 
sharp threshold for such damage at 290 nm (corresponding to 4.3 eV photon energy). 
At longer wavelengths, damage to cells is slight; at shorter wavelengths, it can be 
extensive. The interactions of ultraviolet radiation with matter are best understood 
from the photon perspective, with the absorption of each photon being associated 
with a particular molecular event.

Visible light is at a transition point in the electromagnetic spectrum. Your studies 
of wave optics in Chapter 17 showed you that light has a wave nature. At the same 
time, the energy of photons of visible light is large enough to cause molecular transi-
tions—which is how your eye detects light. When we work with visible light, we 
will often move back and forth between the wave and photon models.

Normally, wavelengths longer than about 750 nm—in the infra-
red—are invisible to the human eye. However, recent experi-
ments have shown that infrared light is visible under certain 
conditions but, surprisingly, often appears to be green or yellow. 
The effect occurs when two infrared photons simultaneously 
excite the same photoreceptor in the eye. The photoreceptor 
behaves as if it had absorbed a single photon with an energy 
equal to the sum of the two infrared photon energies. If, when 
observing infrared light, a person perceives 500 nm green light, 
what is the wavelength of the infrared light?

STRATEGIZE We will start by finding the energy of a photon of 
green light. The energy of each infrared photon is then half this value. 
From this infrared photon energy we can find the infrared wavelength.

PREPARE The frequency of an electromagnetic wave is related 
to its photon energy by Equation 25.22; the frequency and wave-
length are related by l = c/f .

Seeing (infra)red 
SOLVE The energy of the perceived green photon is

 Egreen = hf =
hc
l

=
16.63 * 10-34 J # s213.00 * 108 m/s2

500 * 10-9 m
 = 3.98 * 10-19 J

The energy of each infrared photon is then

EIR =
3.98 * 10-19 J

2
= 1.99 * 10-19 J

from which the infrared wavelength is

 lIR =
hc
EIR

=
16.63 * 10-34 J # s213.00 * 108 m/s2

1.99 * 10-19 J
= 1000 nm

ASSESS This wavelength is well into the infrared region and 
would not normally be visible. We see that the infrared wavelength 
is twice that of the perceived green light, which makes sense—
photon energy and wavelength are inversely related, so the infrared 
photons, with half the energy, will have twice the wavelength.

EXAMPLE 25.12 

Color Vision
The cones, the color-sensitive cells in the retina of the eye, each contain one of three 
slightly different forms of a light-sensitive photopigment. A single photon of light 
can trigger a reaction in a photopigment molecule, which ultimately leads to a signal 
being produced by a cell in the retina. The energy of the photon must be matched to 
the energy of a molecular transition for the photon energy to be absorbed. Each 
photopigment has a range of photon energies to which it is sensitive. Our color 
vision is a result of the differential response of three types of cones that contain three 
slightly different pigments, shown in FIGURE 25.39.

Humans have three types of cone cells in the eye, mice have two, and chickens four—
giving a chicken keener color vision than a human. The three color photopigments that 
bees possess give them excellent color vision, but a bee’s color sense is different from a 
human’s. The peak sensitivities of a bee’s photopigments are in the yellow, blue, and 
ultraviolet regions of the spectrum. A bee can’t see the red of a rose, but it is quite sensi-
tive to ultraviolet wavelengths well beyond the range of human vision. The flower in the 
right-hand photo at the start of the chapter looks pretty to us, but its coloration is really 
intended for other eyes. The ring of ultraviolet-absorbing pigments near the center of the 
flower, which is invisible to humans, helps bees zero in on the pollen.

Wavelength (nm)
350 450 550 650 750

Relative
sensitivity

The three different types of cones
have different color sensitivities.

FIGURE 25.39 The sensitivity of different 
cone cells in the human eye.
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This is really a question of biology.

You have 3 different 
types of cones in 
your retina, each 

sensitive to a 
different range of 

the spectrum.

Primary / Complementary Colors

Red

Green

Blue

Magenta
“Not Green”

Cyan
“Not Red”

Yellow
“Not Blue”

Primary Complementary
(Secondary)

What color is 
the moon?

Mixing Colors I: Additive Color Mixing

Red + Green = Yellow

Mixing Colors II: Subtractive Color Mixing

Cyan + Yellow = Not Red + Not Blue



What colors of light do green plants absorb?
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information about the bond structure. In contrast, large biomolecules have such a 
huge number of vibrational energy levels that they become smeared into a continu-
ous range or band of allowed energies; individual vibrational energy levels cannot 
be distinguished.

Chapter 13 introduced the idea that the probability that an energy level is oc-
cupied is given by the Boltzmann factor e-E/kBT. For atoms, the typical energy-level 
spacing of a few eV is much greater than the atom’s thermal energy: �Eatom W kBT. 
Consequently, the equilibrium state of atoms is one in which all the atoms are in the 
ground state; the population of any excited state is essentially zero.

The electron energy levels of molecules are also spaced several eV apart, so 
equilibrium finds all the molecules in the electron ground state. However, the spac-
ing between vibrational energy levels is comparable to or, for biomolecules, even 
less than kBT. As a result, molecules have anywhere from a few to hundreds of 
vibrational energy levels that are always populated.

Molecular Absorption Spectra
Atomic spectra are always observed with the atoms in the gas phase, usually at a 
reduced pressure. The mean time between collisions is long enough that an excited 
atom has plenty of time to emit a photon of light. Emission spectra can also be ob-
served from small molecules in gas discharge tubes. They are very complex spectra 
with hundreds of distinct wavelengths that correspond to quantum jumps between 
all the many combinations of vibrational energy levels in the ground state and the 
excited state.

Spectra are still of critical importance in identifying larger molecules; however, 
larger molecules are invariably observed in solution or, for minerals and pigments, in 
their solid phase. These molecules absorb light but, with a few exceptions that we’ll 
look at in the next section, are unlikely to emit light. In solution, collisions between 
molecules are so rapid that an excited molecule gives up its energy to another mol-
ecule in a collision before it has time to emit a photon. This collisional de-excitation 
increases the sample’s thermal energy instead of producing light. A similar process 
takes place in most solid materials.

Absorption spectra provide information about the molecule’s excited states. As 
an example, FIGURE 29.29a is the absorption spectrum of chlorophyll, an essential mol-
ecule for photosynthesis in green plants. Chlorophyll is a large, complex molecule, 
so its spectrum does not have discrete spectral lines but, instead, broad absorption 
features. We see that chlorophyll absorbs violet and ultraviolet light from roughly 
380 nm to 440 nm; it also absorbs red light from roughly 640 nm to 680 nm. There is 
very little absorption between 450 nm and 600 nm.

We can use Equation 29.9, l (in nm) = (1240 eV # nm)/�E (in eV), to calculate 
the energy corresponding to each of these wavelengths. Doing so allows us to con-
struct the energy diagram of FIGURE 29.29b. We see that there is a first excited-state 

In thermal equilibrium, states within LkBT
of the lowest energy are populated. 

n = 2 Excited state

Ground state

(a) Atom (b) Small molecule (c) Large molecule

n = 1

n = 2

Excited states

Ground states

n = 1

n = 2

n = 1

Band of excited states

Band of ground states

Vibrational energy levels

kBT kBT

FIGURE 29.28 Energy levels of molecules.
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(a) Chlorophyll absorption spectrum

(b) Chlorophyll energy levels
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FIGURE 29.29 The absorption spectrum 
and energy levels of chlorophyll.
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Spectrum of 
Chlorophyll

Colors by Scattering At a boundary between two media, there is a change 
in the index, and so there is a reflection  

Scattering.

Scattering from “Large” Objects

Cloud droplets are much bigger 
than the wavelength of light, so 
scatter all wavelengths of light 

more or less equally.

Clouds are white.

Skin is made of transparent components, with differing 
indices of refraction. The size of the elements is a bit larger 

than the wavelength of light, so all colors scatter equally.

Net result: No pigment means white skin.

Same thing 
with milk.

Scattering from Small Objects

Air molecules are very 
small compared to the 

wavelength of light. 
Short wavelengths 

scatter more.

The sky is blue.



Blue light 
scatters, red 
light doesn’t.

Blue Skies, Red Sunsets

No Pigment, But Still Blue

Scattering from 
melanocytes

Scattering from 
particles in feathers

Scattering from 
air molecules

Colors by 
Refraction

Dispersion

Blue bends more

676 !C H A P T E R  19 Optical Instruments

Rainbows
You have no doubt seen a rainbow after an evening rainstorm. FIGURE 19.22a shows that the 
basic cause of the rainbow is a combination of refraction, reflection, and dispersion.

Example 18.4 showed that the deflection angle is f = u2 - u1 , 
so deep red light is deflected by fred = 20.35�. This angle 
is slightly smaller than the deflection angle for violet light, 
fviolet = 22.60�.

b. The entire spectrum is spread between fred = 20.35� and 
fviolet = 22.60�. The angular spread is

d = fviolet - fred = 2.25� = 0.0393 rad

c. At distance r, the spectrum spans an arc length

s = rd = 12.0 m210.0393 rad2 = 0.0785 m = 7.9 cm

ASSESS Notice that we needed three significant figures for 
fred and fviolet in order to determine d, the difference between 
the two angles, to two significant figures. The angle is so small 
that there’s no appreciable difference between arc length and a 
straight line. The spectrum is 7.9 cm wide at a distance of 2.0 m.

(a)

1. The sun is behind
 your back when
 you see a rainbow.

2. Dispersion causes different colors
 to refract at different angles.

3. Most of the light refracts
 into the air at this point,
 but a little reflects back
 into the drop.

4. Dispersion separates the
 colors even more as the rays
 refract back into the air.

Sunlight

 

(b) Red light is refracted
predominantly at 42.5°. The red
light reaching your eye comes
from drops higher in the sky.

Violet light is refracted
predominantly at 40.8°. The violet
light reaching your eye comes
from drops lower in the sky.

You see a rainbow with red on
the top, violet on the bottom.

Eye

Sunlight
42.5°

40.8°

FIGURE 19.22 Light seen in a rainbow has undergone refraction +  reflection +  refraction 
in a raindrop.

The rays leaving the drop in Figure 19.22a are spreading apart, so they can’t all 
reach your eye. As FIGURE 19.22b shows, a ray of red light reaching your eye comes 
from a drop higher in the sky than a ray of violet light. A rainbow is a mosaic; each 
droplet that forms the rainbow sends a particular wavelength of light toward you. 
You need to look higher in the sky to see the droplets that send rays of red light 
toward your eye, lower in the sky to see the droplets that send violet light toward 
your eye.

Colored Filters and Colored Objects
White light that passes through a piece of green glass emerges as green light. A pos-
sible explanation would be that the green glass adds “greenness” to the white light, 
but Newton found otherwise. Green glass is green because it removes any light that 
is “not green.” More precisely, a piece of colored glass absorbs all wavelengths 
except those of one color, and that color is transmitted through the glass without 
hindrance. We can think of a piece of colored glass or plastic as a filter that removes 
all wavelengths except a chosen few.

Red filter

Green filterBlack where
filters overlap

No light at all passes through both a green 
and a red filter.

White light passes through a green filter and is observed on a screen. Describe how the 
screen will look if a second green filter is placed between the first filter and the screen. 
Describe how the screen will look if a red filter is placed between the green filter and 
the screen.

REASON The first filter removes all light except for wavelengths near 550 nm that we 
perceive as green light. A second green filter doesn’t have anything to do. The non-
green wavelengths have already been removed, and the green light emerging from the 
first filter will pass through the second filter without difficulty. The screen will con-
tinue to be green and its intensity will not change. A red filter, by contrast, absorbs all 
wavelengths except those near 650 nm. The red filter will absorb the green light, and no 
light will reach the screen. The screen will be dark.

CONCEPTUAL EXAMPLE 19.16 Filtering light
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(b) Red light is refracted
predominantly at 42.5°. The red
light reaching your eye comes
from drops higher in the sky.

Violet light is refracted
predominantly at 40.8°. The violet
light reaching your eye comes
from drops lower in the sky.

You see a rainbow with red on
the top, violet on the bottom.

Eye

Sunlight
42.5°

40.8°

FIGURE 19.22 Light seen in a rainbow has undergone refraction +  reflection +  refraction 
in a raindrop.

The rays leaving the drop in Figure 19.22a are spreading apart, so they can’t all 
reach your eye. As FIGURE 19.22b shows, a ray of red light reaching your eye comes 
from a drop higher in the sky than a ray of violet light. A rainbow is a mosaic; each 
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perceive as green light. A second green filter doesn’t have anything to do. The non-
green wavelengths have already been removed, and the green light emerging from the 
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A rainbow 
is a circle



The 
position of 
the circle 

depends on 
your 

location.

Colors by 
Diffraction

Diffraction
Interference
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17.2 The Interference of Light
In ◀◀ SECTION 16.6 you learned that waves of equal wavelength emitted from two 
sources—such as the sound waves emitted from two loudspeakers—can overlap and 
interfere, leading to a large amplitude where the waves interfere constructively and 
a small or even zero amplitude where they interfere destructively. Interference is 
inherently a wave phenomenon, so if light acts like a wave we should be able to 
observe the interference of light waves.

To do so we need two sources of light waves with exactly the same wavelength. This is 
difficult to arrange with conventional light sources. Instead, consider the situation shown 
in FIGURE 17.5. Laser light passes through a narrow opening—a slit—that is only 0.1 mm 
wide, about twice the width of a human hair. This situation is similar to Figure 17.2, where 
water waves spread out after passing through a narrow opening. When light waves pass 
through a narrow slit, they too spread out behind the slit, just as the water wave did behind 
the opening in the barrier. The light is exhibiting diffraction, the sure sign of waviness. We 
will look at diffraction in more detail later in the chapter. For now, though, we see that a 
sufficiently narrow slit does act as a source of light waves that spread out behind it.

Young’s Double-Slit Experiment
In order to observe interference, we need two light sources whose waves can overlap 
and interfere. FIGURE 17.6a shows an experiment in which a laser beam is aimed at an 
opaque screen containing two long, narrow slits that are very close together. This pair 
of slits is called a double slit, and in a typical experiment they are ≈0.1 mm wide and 
spaced ≈0.5 mm apart. We will assume that the laser beam illuminates both slits 
equally, and any light passing through the slits impinges on a viewing screen. Such a 
double-slit experiment was first performed by Thomas Young in 1801, using sunlight 
instead of a laser beam. It provided the first definitive evidence that light is a wave.

What should we expect to see on the viewing screen? FIGURE 17.6b is a view from 
above the experiment, looking down on the top ends of the slits and the top edge of the 
viewing screen. Because the slits are very narrow, light spreads out behind each slit 
as it did in Figure 17.5, and these two spreading waves overlap in the region between 
the slits and the screen.

FIGURE 17.6 A double-slit interference experiment.

Incident laser beam

(a)

Viewing
screen

The drawing is not to scale: The distance
to the screen is actually much greater
than the distance between the slits.

The two waves overlap as
they spread out behind the
two slits. The two overlapped
waves interfere, resulting in
a pattern of light and dark
bands on the screen.

Top view of
the double slit

Front view
of screen

m  =  4

m  =  3

m  =  2

m  =  1

m  =  0

m  =  1

m  =  2

m  =  3

m  =  4

1. A plane wave is incident
 on the double slit.

2. Waves spread out
 behind each slit. The bright fringes

are labeled by the
integer m, starting
at the central
maximum.

4. Destructive interference occurs when 
 r1 and r2 differ by a whole number of 
 wavelengths plus half a wavelength.

3. Constructive interference occurs
 when r1 and r2 differ by a whole
 number of wavelengths.

(b)

l

Central
maximum

r2

r1

r2

r1

STOP TO THINK 17.2  In Figure 17.6b, suppose that for some point P on the screen r1 = 5,002,248.5l and r2 = 5,002,251.5l, 
where l is the wavelength of the light. The interference at point P is

 A. Constructive.  B. Destructive.  C. Something in between.

FIGURE 17.5 Light, just like a water wave, 
spreads out behind a slit in a screen if 
the slit is sufficiently small.

Incident laser beam

0.1-mm-wide 
slit in an 
opaque screen

The light spreads out behind the slit.
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Single axis grating Double axis grating

Reflection Grating in Nature:
Indigo Snake

Reflection Grating in Nature:
Ground Beetle Colors



Holography

Complex pattern 
of light and dark 

lines

Diffraction 
pattern

Related by
Fourier 

transform

Colors by
Thin-Film 

Interference

Cells 
n=1.33

Crystals 
n=1.83

Front 
reflection

Thickness 
t

Cells 
n=1.33

Rear 
reflection

Constructive interference between the two waves leads to 
strong reflections at certain colors.

Alligators, like other animals that are active during the night, have a layer 
behind the retina of the eye that reflects light. This reflection causes light to 
pass through the retina a second time, which gives the alligator increased 
vision sensitivity in low-light conditions. If you take a flash photo of a gator 
at night, this layer reflects light back toward you, as this image clearly 
shows. In the coming section, we’ll explore the visual systems of humans 
and other animals and demonstrate how the right combination of transpar-
ent tissues at the back of the eye can lead to a strong reflection—the “eye-
shine” that you’ve seen in dogs, cats, and other animals.

Optics
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For gators, it’s red.

This is what makes the blue colors of the blue-ringed octopus

Interference Colors
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Huygens’ principle says that each point on a 
wave front is the source of a spherical wavelet. 
The wave front at a later time is tangent to all 
the wavelets.

The Wave Model
The wave model considers light to be a wave propagating through 
space. Interference and diffraction are important. The wave model 
is appropriate when light interacts with objects whose size is 
comparable to the wavelength of light, or roughly less than about 
0.1 mm.

IMPORTANT CONCEPTS

GENERAL PRINCIPLES

Diffraction is the spreading of a wave 
after it passes through an opening.

Constructive and destructive interference 
are due to the overlap of two or more waves 
as they spread behind openings.

The index of refraction of a material determines the speed of 
light in that material: v = c/n. The index of refraction of a material 
is always greater than 1, so that v is always less than c.

The wavelength l in a material with index of refraction n is 
shorter than the wavelength lvac in a vacuum: l = lvac/n.

The frequency of light does not change as it moves from one 
 material to another.

Diffraction from a single slit

A single slit of width a has a bright central maximum of width

w =
2lL

a
that is flanked by weaker secondary maxima.

Interference from multiple slits

Waves overlap as they spread out behind slits. Bright fringes are 
seen on the viewing screen at positions where the path-length 
 difference ∆r between successive slits is equal to ml, where m is 
an integer.

Double slit with separation d

Equally spaced bright fringes are located at

 sin um =
ml

d
  ym =

mlL
d
  m = 0, 1, 2,c

The fringe spacing is ∆y =
lL
d

Diffraction grating with slit spacing d

Very bright and narrow fringes are located at angles and positions

 sin um =
ml

d
  ym = L tan um

APPLICATIONS

Secondary maxima Central maximum

Dark fringes

Dark fringes are located at angles such that

a sin up = pl  p = 1, 2, 3,c
If l/a V 1, then from the small-angle approximation,

up =
pl
a
  yp =

plL
a

Circular aperture of diameter D
A bright central maximum of diameter

w =
2.44lL

D

is surrounded by circular secondary maxima.
The first dark fringe is located at

u1 =
1.22l

D
  y1 =

1.22lL
D

For an aperture of any shape, a smaller opening causes a greater 
spreading of the wave behind the opening.

Thin-film interference

Interference occurs between the waves reflected from the two sur-
faces of a thin film with index of refraction n. A wave that reflects 
from a surface at which the index of refraction increases has a 
phase change.

Interference 0 or 2 phase changes 1 phase change

Constructive 2t = m
l

n 2t = am + 1
2
bl

n

Destructive 2t = am + 1
2
bl

n
2t = m

l

n
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How Many Colors in the Rainbow?

Now, back to the story….



The First Experiments: Isaac Newton Why Seven?

Newton originally 
had five colors:

Red
Yellow
Green
Blue

Purple

Why seven?
Correspondence with music.


