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How Light Works Electromagnetic waves

In mid-1800’s + Faraday observed that
a changing magnetic field creates an electric field

Magnet is moved inside loop
+ ammeter deflects indicating
current is induced in loop

Magnet is held stationary
+ there is no current induced

Magnet moved away from loop
+ ammeter deflects indicating
induced current is

in opposite direction

S ECT I O N  31 . 1 •  Faraday’s Law of Induction 969

Finally, the galvanometer reads zero when there is either a steady current or no
current in the primary circuit. The key to understanding what happens in this experi-
ment is to note first that when the switch is closed, the current in the primary circuit
produces a magnetic field that penetrates the secondary circuit. Furthermore, when

Active Figure 31.1 (a) When a magnet is moved toward a loop of wire connected to a
sensitive ammeter, the ammeter deflects as shown, indicating that a current is induced
in the loop. (b) When the magnet is held stationary, there is no induced current in the
loop, even when the magnet is inside the loop. (c) When the magnet is moved away
from the loop, the ammeter deflects in the opposite direction, indicating that the
induced current is opposite that shown in part (a). Changing the direction of the
magnet’s motion changes the direction of the current induced by that motion.
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At the Active Figures link
at http://www.pse6.com, you
can move the magnet and
observe the current in the
ammeter.

At the Active Figures link
at http://www.pse6.com, you
can open and close the switch
and observe the current in the
ammeter.

Active Figure 31.2 Faraday’s experiment. When the switch in the primary circuit is
closed, the ammeter in the secondary circuit deflects momentarily. The emf induced in
the secondary circuit is caused by the changing magnetic field through the secondary coil.
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How Light Works Electromagnetic waves

Shortly after Faraday’s discovery + Maxwell hypothesized that
a changing electric field creates a magnetic field

Putting all these together + Maxwell predicted that
if you begin changing ~E and ~B in any region of space

wave of changing fields propagates at speed of light

c ' 3× 108 m/s

outward from region where change first took place
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How Light Works Electromagnetic waves

E.g. + moving an electron causes a change in ~E
which causes a change in ~B... etc...

These changing fields zip over to a second electron
which was jiggled by ~E field that arrives at microscope time later

In 1888 Maxwell’s prediction passed important test
when Hertz generated and detected EM waves in laboratory

He performed a series of experiments that
not only confirmed existence of electromagnetic waves

but also verified that they travel at speed of light
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How Light Works Electromagnetic waves

Light itself consists of electric and magnetic fields of this kind

But what about photons? + Good question

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

without transporting matter

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

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

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

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

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

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

when wavelength is infinitesimally small
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How Light Works Ray optics

To study more classical aspects of how light travels:

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

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

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

In other words

We consider that light travels in form of rays

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

We further assume that optical rays propagate in optical media

To keep things simple + we will assume that media are transparent
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How Light Works Ray optics

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

In materials + it is always slowed down

Index of refraction + how fast light travels through material

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

speed of light (in medium)

The bigger the n + the slower the light travels
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How Light Works Ray optics

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

part of energy is reflected and part enters second medium

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

Incident ray, reflected ray, and refracted ray all lie in same plane
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How Light Works Ray optics�� ��Experiments show + angle of reflection θ′1 equals angle of incidence θ1

θ′1 = θ1

✓1 ✓01
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How Light Works Ray optics

Angle of refraction depends on:
{

properties of two media
angle of incidence through

sin θ2

sin θ1
=

v2

v1
= constant

v1, v2 + speed of light in first and second medium
Replacing v2/v1 with ratio of refractive indexes n1/n2

n1 sin θ1 = n2 sin θ2
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How Light Works Ray optics

Path of a light ray through a refracting surface is reversible

Ray travels from point A to point B

If ray originated at B + it would have traveled to left
along line BA to reach point A

Reflected part would have pointed downward and to left in glass
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How Light Works Ray optics

Light rays can pass through several boundaries
E.g. + you might have a sheet of glass:
light ray from n1 enter to larger n2 and exit n2 to smaller n1
At each boundary + refraction law will hold
At left boundary we have + n1 sin θin = n2 sin θ2
when light beam moves from air into glass
light slow down entering glass and its path is bent toward normal
At right boundary we have + n2 sin θ3 = n1 sin θout
light speeds up entering air and its path bends away from normal

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

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

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

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

A B

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

Geometry tells us (if walls are parallel) that θ2 = θ3
This means sin θ2 = sin θ3
So n1 sin θin = n2 sin θ2 = n2 sin θ3 = n1 sin θout
This means (compare far left with far right of equation)

sin θin = sin θout + which says θin = θout

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

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

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

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

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

and from the blue triangle,

a "
t

cos ! 2

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

Combining these equations, we have

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

d "
t

cos ! 2
 sin(! 1 $ ! 2)

35.6 Huygens’s Principle

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

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

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

▲ PITFALL PREVENTION 
35.4 Of What Use Is

Huygens’s Principle?
At this point, the importance of
Huygens’s principle may not be
evident. Predicting the position
of a future wave front may not
seem to be very critical. However,
we will use Huygens’s principle in
later chapters to explain addi-
tional wave phenomena for light.
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Figure 35.16 (Example 35.6) (a) When light passes through a flat slab of material, the
emerging beam is parallel to the incident beam, and therefore !1 " !3. The dashed
line drawn parallel to the ray coming out the bottom of the slab represents the path the
light would take if the slab were not there. (b) A magnification of the area of the light
path inside the slab.

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

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

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

and from the blue triangle,

a "
t

cos ! 2

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

Combining these equations, we have

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

d "
t

cos ! 2
 sin(! 1 $ ! 2)

35.6 Huygens’s Principle

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

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

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

▲ PITFALL PREVENTION 
35.4 Of What Use Is

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

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

This is idea behind lenses

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

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

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

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

1
object distance

+
1

image distance
=

1
focal length
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How Light Works Ray optics

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

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

that make it into your eye

Eye is adaptive optical system

Crystalline lens of eye changes its shape to focus light
from objects over a great range of distances
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How Light Works Ray optics

Summary of reflection and refraction

L. A. Anchordoqui (CUNY) Conceptual Physics 10-3-2017 18 / 20



How Light Works True colors shinning through

Prisms
Triangular cut of glass produce rainbow of color from sun light
Narrow beam of white light
incident at non-normal angle on one surface of glass is refracted
Different colors of light have different speeds in glass
Separated rays emerge from other interface

spread in familiar rainbow pattern

Problems 1121

Consider a common mirage formed by super-heated air
just above a roadway. A truck driver whose eyes are 2.00 m
above the road, where n ! 1.000 3, looks forward. She
perceives the illusion of a patch of water ahead on the
road, where her line of sight makes an angle of 1.20°
below the horizontal. Find the index of refraction of the
air just above the road surface. (Suggestion: Treat this as a
problem in total internal reflection.)

40. An optical fiber has index of refraction n and diameter d.
It is surrounded by air. Light is sent into the fiber along its
axis, as shown in Figure P35.40. (a) Find the smallest
outside radius R permitted for a bend in the fiber if no
light is to escape. (b) What If? Does the result for part
(a) predict reasonable behavior as d approaches zero? As
n increases? As n approaches 1? (c) Evaluate R assuming
the fiber diameter is 100 "m and its index of refraction
is 1.40.

39.

41. A large Lucite cube (n ! 1.59) has a small air bubble
(a defect in the casting process) below one surface. When
a penny (diameter 1.90 cm) is placed directly over the
bubble on the outside of the cube, the bubble cannot be
seen by looking down into the cube at any angle. However,
when a dime (diameter 1.75 cm) is placed directly over it,
the bubble can be seen by looking down into the cube.
What is the range of the possible depths of the air bubble
beneath the surface?

42. A room contains air in which the speed of sound is
343 m/s. The walls of the room are made of concrete, in
which the speed of sound is 1 850 m/s. (a) Find the
critical angle for total internal reflection of sound at
the concrete–air boundary. (b) In which medium must the
sound be traveling in order to undergo total internal

Figure P35.35

Figure P35.38

Figure P35.40
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Figure 35.25. (b) Find the angle of deviation #min for
$1 ! 48.6°. (c) What If? Find the angle of deviation if the
angle of incidence on the first surface is 45.6°. (d) Find
the angle of deviation if $1 ! 51.6°.

A triangular glass prism with apex angle % ! 60.0° has an
index of refraction n ! 1.50 (Fig. P35.33). What is the
smallest angle of incidence $1 for which a light ray can
emerge from the other side?

33.

Figure P35.33 Problems 33 and 34.

Φ
1θ

A triangular glass prism with apex angle % has index of
refraction n. (See Fig. P35.33.) What is the smallest angle
of incidence $1 for which a light ray can emerge from the
other side?

The index of refraction for violet light in silica flint
glass is 1.66, and that for red light is 1.62. What is the
angular dispersion of visible light passing through a prism
of apex angle 60.0° if the angle of incidence is 50.0°? (See
Fig. P35.35.)

35.

34.

Section 35.8 Total Internal Reflection
36. For 589-nm light, calculate the critical angle for the follow-

ing materials surrounded by air: (a) diamond, (b) flint
glass, and (c) ice.

37. Repeat Problem 36 when the materials are surrounded by
water.

38. Determine the maximum angle $ for which the light rays
incident on the end of the pipe in Figure P35.38 are
subject to total internal reflection along the walls of the
pipe. Assume that the pipe has an index of refraction of
1.36 and the outside medium is air.
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How Light Works True colors shinning through

Light as composite of colors
Newton placed prism in path of narrow beam of sunlight
As expected + beam was spread over band of angles
He inserted second prism and allowed spread beam to enter it
When arranged carefully
second prism reconstituted original beam in original direction
He labeled the different colors
with continuously varying parameter that had the units of time
λ and T characterizing given color connected by speed of light

λ/T = c/n
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