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Last time

• electric potential

• circuits, current, resistance

• magnetism



Overview

• interactions between electricity and magnetism

• light and the speed of light

• reflection and refraction

• polarization



Force on a Moving Charge

There is a force on a moving electric charge in a magnetic field:

FB = q v B sin θ

where B is the magnetic field, v is the velocity of the charge, θ
is the angle between the directions of v and B, and q is the
electric charge.

The direction of the force is perpendicular to the directions of B
and v .

Notice this is similar to the relation between electrostatic force and
electric field.

FE = qE −→ FB = q (v × B)



Force on a Moving Charge

For example: here the dots indicate the field is directed upward out
of the slide.
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Fig. 28-5 (a) A horseshoe magnet and (b) a C-shaped magnet. (Only some of the
external field lines are shown.)
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The field lines run from
the north pole to the
south pole.

Sample Problem

Direction: To find the direction of , we use the fact that 
has the direction of the cross product Because the
charge q is positive, must have the same direction as 
which can be determined with the right-hand rule for cross
products (as in Fig. 28-2d).We know that is directed horizon-
tally from south to north and is directed vertically up. The
right-hand rule shows us that the deflecting force must be 
directed horizontally from west to east, as Fig. 28-6 shows. (The
array of dots in the figure represents a magnetic field directed
out of the plane of the figure.An array of Xs would have repre-
sented a magnetic field directed into that plane.)

If the charge of the particle were negative, the magnetic
deflecting force would be directed in the opposite direction—
that is, horizontally from east to west. This is predicted auto-
matically by Eq. 28-2 if we substitute a negative value for q.
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Magnetic force on a moving charged particle

A uniform magnetic field , with magnitude 1.2 mT, is
directed vertically upward throughout the volume of a labo-
ratory chamber. A proton with kinetic energy 5.3 MeV en-
ters the chamber, moving horizontally from south to north.
What magnetic deflecting force acts on the proton as it en-
ters the chamber? The proton mass is 1.67 " 10#27 kg.
(Neglect Earth’s magnetic field.)

Because the proton is charged and moving through a mag-
netic field, a magnetic force can act on it. Because the ini-
tial direction of the proton’s velocity is not along a magnetic
field line, is not simply zero.

Magnitude: To find the magnitude of , we can use Eq. 28-3
provided we first find the proton’s speed v.

We can find v from the given kinetic energy because
. Solving for v, we obtain

Equation 28-3 then yields

(Answer)

This may seem like a small force, but it acts on a particle of
small mass, producing a large acceleration; namely,

! 6.1 " 10#15 N.
" (1.2 " 10#3 T)(sin 90$)

! (1.60 " 10#19 C)(3.2 " 107 m/s)
FB ! |q|vB sin %

 ! 3.2 " 107 m/s.

 v ! A 2K
m
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Additional examples, video, and practice available at WileyPLUS
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Fig. 28-6 An overhead view of a proton moving from south to
north with velocity in a chamber. A magnetic field is directed
vertically upward in the chamber, as represented by the array of
dots (which resemble the tips of arrows).The proton is deflected
toward the east.
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The force on the particle is ⊥ to its velocity and the field.

1Figure from Halliday, Resnick, Walker, 9th ed.



Force on a wire with a current in a magnetic field
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28-8 Magnetic Force on a Current-Carrying Wire
We have already seen (in connection with the Hall effect) that a magnetic field
exerts a sideways force on electrons moving in a wire. This force must then be
transmitted to the wire itself, because the conduction electrons cannot escape
sideways out of the wire.

In Fig. 28-14a, a vertical wire, carrying no current and fixed in place at both
ends, extends through the gap between the vertical pole faces of a magnet.
The magnetic field between the faces is directed outward from the page. In Fig.
28-14b, a current is sent upward through the wire; the wire deflects to the right.
In Fig. 28-14c, we reverse the direction of the current and the wire deflects to
the left.

Figure 28-15 shows what happens inside the wire of Fig. 28-14b. We see one
of the conduction electrons, drifting downward with an assumed drift speed vd.
Equation 28-3, in which we must put f ! 90°, tells us that a force of magni-
tude evdB must act on each such electron. From Eq. 28-2 we see that this force
must be directed to the right. We expect then that the wire as a whole will experi-
ence a force to the right, in agreement with Fig. 28-14b.

If, in Fig. 28-15, we were to reverse either the direction of the magnetic field
or the direction of the current, the force on the wire would reverse, being directed
now to the left. Note too that it does not matter whether we consider negative
charges drifting downward in the wire (the actual case) or positive charges drift-
ing upward. The direction of the deflecting force on the wire is the same. We are
safe then in dealing with a current of positive charge, as we usually do in dealing
with circuits.

Consider a length L of the wire in Fig. 28-15. All the conduction electrons in
this section of wire will drift past plane xx in Fig. 28-15 in a time t ! L/vd. Thus, in
that time a charge given by

will pass through that plane. Substituting this into Eq. 28-3 yields

or FB ! iLB. (28-25)

Note that this equation gives the magnetic force that acts on a length L of straight wire
carrying a current i and immersed in a uniform magnetic field that is perpendicular
to the wire.

If the magnetic field is not perpendicular to the wire, as in Fig. 28-16, the
magnetic force is given by a generalization of Eq. 28-25:

(force on a current). (28-26)

Here is a length vector that has magnitude L and is directed along the wire
segment in the direction of the (conventional) current. The force magnitude FB is

FB ! iLB sin f, (28-27)

where f is the angle between the directions of and . The direction of is
that of the cross product because we take current i to be a positive quan-
tity. Equation 28-26 tells us that is always perpendicular to the plane defined
by vectors and , as indicated in Fig. 28-16.

Equation 28-26 is equivalent to Eq. 28-2 in that either can be taken as the
defining equation for . In practice, we define from Eq. 28-26 because it is
much easier to measure the magnetic force acting on a wire than that on a single
moving charge.
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Fig. 28-15 A close-up view of a section
of the wire of Fig. 28-14b.The current direc-
tion is upward, which means that electrons
drift downward.A magnetic field that
emerges from the plane of the page causes
the electrons and the wire to be deflected
to the right.

Fig. 28-14 A flexible wire passes be-
tween the pole faces of a magnet (only the
farther pole face is shown). (a) Without cur-
rent in the wire, the wire is straight. (b) With
upward current, the wire is deflected right-
ward. (c) With downward current, the de-
flection is leftward.The connections for get-
ting the current into the wire at one end and
out of it at the other end are not shown.

i = 0 i  

i  

i  

i  

(a) (b) (c) 

B B B 

A force acts on
a current through
a B field.
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The direction of the force depends on the direction of the current,
and is perpendicular to the current and field.



Electric Motors

This effect can be used to turn electricity into mechanical work.

1Figure from hyperphysics.phys-arstr.gsu.edu



Coil as a magnet

Wires carrying current also create a magnetic field.
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Fig. 29-15 (a) – (b) To find the magnetic field at a point within this conducting cylinder, we use a con-
centric Amperian loop through the point.We then need the current encircled by the loop. (c) – (h)
Because the current density is nonuniform, we start with a thin ring and then sum (via integration) the
currents in all such rings in the encircled area.

A

Fig. 29-17 A vertical cross section through the central axis of a
“stretched-out” solenoid.The back portions of five turns are shown, as are
the magnetic field lines due to a current through the solenoid. Each turn pro-
duces circular magnetic field lines near itself. Near the solenoid’s axis, the
field lines combine into a net magnetic field that is directed along the axis.
The closely spaced field lines there indicate a strong magnetic field. Outside
the solenoid the field lines are widely spaced; the field there is very weak.

P

Amperian
loop

r
a

r

b

(a) (b) (c) (d)

We want the
magnetic field at
the dot at radius r.

We start with a ring
that is so thin that
we can approximate
the current density as
being uniform within it.

a

(g)

Our job is to sum
the currents in all
rings from this
smallest one ...

(h)

r

... to this largest
one, which has the
same radius as the
Amperian loop.

(e)

dr

Its area dA is the
product of the ring's
circumference
and the width dr.

( f )

dA

The current within the
ring is the product of
the current density J
and the ring's area dA.

So, we put a concentric
Amperian loop through
the dot.

We need to find the
current in the area
encircled by the loop.
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Each turn of wire locally has a circular magnetic field around it.
The fields from all the wires add together to create very dense field
lines inside the solenoid.

1Figure from Halliday, Resnick, Walker, 9th ed.



Magnetic Field of a solenoid
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Fig. 29-19 Application of Ampere’s law to a section of a long ideal solenoid carrying
a current i.The Amperian loop is the rectangle abcda.

a b

d c
h

i

B

vidual turns (windings) that make up the solenoid. For points very close to a turn,
the wire behaves magnetically almost like a long straight wire, and the lines of 
there are almost concentric circles. Figure 29-17 suggests that the field tends to
cancel between adjacent turns. It also suggests that, at points inside the solenoid
and reasonably far from the wire, is approximately parallel to the (central)
solenoid axis. In the limiting case of an ideal solenoid, which is infinitely long
and consists of tightly packed (close-packed) turns of square wire, the field inside
the coil is uniform and parallel to the solenoid axis.

At points above the solenoid, such as P in Fig. 29-17, the magnetic field set
up by the upper parts of the solenoid turns (these upper turns are marked !)
is directed to the left (as drawn near P) and tends to cancel the field set up at P
by the lower parts of the turns (these lower turns are marked "), which is di-
rected to the right (not drawn). In the limiting case of an ideal solenoid, the
magnetic field outside the solenoid is zero. Taking the external field to be zero
is an excellent assumption for a real solenoid if its length is much greater than
its diameter and if we consider external points such as point P that are not at
either end of the solenoid. The direction of the magnetic field along the sole-
noid axis is given by a curled – straight right-hand rule: Grasp the solenoid with
your right hand so that your fingers follow the direction of the current in the
windings; your extended right thumb then points in the direction of the axial
magnetic field.

Figure 29-18 shows the lines of for a real solenoid.The spacing of these lines
in the central region shows that the field inside the coil is fairly strong and uniform
over the cross section of the coil.The external field, however, is relatively weak.

Let us now apply Ampere’s law,

(29-21)

to the ideal solenoid of Fig. 29-19, where is uniform within the solenoid and
zero outside it, using the rectangular Amperian loop abcda. We write as! B

:
! ds:

B
:

" B
:

! ds: ! " 0 ienc ,

B
:

B
:

B
:

Fig. 29-18 Magnetic field lines for a real solenoid of finite length.The field is strong
and uniform at interior points such as P1 but relatively weak at external points such as P2.

P2

P1
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A
n earlier (non-SI) unit for 

,still in com
m

on use,is the gauss(G
),and

1 tesla
!

10
4gauss.

(28-5)

Table 28-1 lists the m
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lines for a bar m
agnet.(b) A

 “cow
m
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—
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m
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ingested bits of scrap iron from
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he iron filings
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O
pposite m

agnetic poles attract each other,and like m
agnetic poles repel each

other.

M
agnetic Field Lines

W
e can represent m

agnetic fields w
ith field lines,as w

e did for electric fields.
Sim

ilar rules apply:(1) the direction of the tangent to a m
agnetic field line at

any
point gives the direction of 

at that point,and (2) the spacing of the lines
represents the m

agnitude of 
—

the m
agnetic field is stronger w

here the lines
are closer together,and conversely.

Figure 28-4a
show

s how
 the m

agnetic field near a bar m
agnet(a perm

anent
m

agnet in the shape of a bar) can be represented by m
agnetic field lines.T

he lines
all pass through the m

agnet,and they all form
 closed loops (even those that

are
not show

n closed in the figure).T
he external m

agnetic effects of a bar m
agnet

are strongest near its ends,w
here the field lines are m

ost closely spaced.T
hus,the

m
agnetic field of the bar m

agnet in Fig.28-4b
collects the iron filings m

ainly near
the tw

o ends of the m
agnet.

The (closed) field lines enter one end of a m
agnet and exit the other end.The

end of a m
agnet from

 w
hich the field lines em

erge is called the north pole
of the

m
agnet;the other end,w

here field lines enter the m
agnet,is called the south pole.

B
ecause a m

agnet has tw
o poles,it is said to be a m

agnetic dipole.The m
agnets w

e
use to fix notes on refrigerators are short bar m

agnets.Figure 28-5 show
s tw

o other
com

m
on shapes for m

agnets:a horseshoe m
agnetand a m

agnet that has been bent
around into the shape of a C

so that the pole faces
are facing each other.(The m

ag-
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een the pole faces can then be approxim
ately uniform

.) R
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of the shape of the m
agnets,if w
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 near each other w
e find:
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s.O
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H
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The coil has a magnetic field similar to a bar magnet!

1Figures from Halliday, Resnick, Walker, 9th ed.



Faraday’s and Lenz’s Laws

It is possible to use a magnet to create a current!
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30-4 Lenz’s Law
Soon after Faraday proposed his law of induction, Heinrich Friedrich Lenz
devised a rule for determining the direction of an induced current in a loop:

Additional examples, video, and practice available at WileyPLUS

Fig. 30-3 A coil C is located inside a solenoid S, which 
carries current i.

Axis

i

i

C

S

An induced current has a direction such that the magnetic field due to the current
opposes the change in the magnetic flux that induces the current.

Fig. 30-4 Lenz’s law at work.As the
magnet is moved toward the loop, a current
is induced in the loop.The current produces
its own magnetic field, with magnetic di-
pole moment oriented so as to oppose
the motion of the magnet.Thus, the in-
duced current must be counterclockwise 
as shown.

!:

N 

S 

i 

N 

S 

µ µ 

The magnet's motion
creates a magnetic
dipole that opposes
the motion.

Furthermore, the direction of an induced emf is that of the induced current. To get
a feel for Lenz’s law, let us apply it in two different but equivalent ways to Fig. 30-4,
where the north pole of a magnet is being moved toward a conducting loop.

1. Opposition to Pole Movement. The approach of the magnet’s north pole in
Fig. 30-4 increases the magnetic flux through the loop and thereby induces a
current in the loop. From Fig. 29-21, we know that the loop then acts as a mag-
netic dipole with a south pole and a north pole, and that its magnetic dipole
moment is directed from south to north. To oppose the magnetic flux
increase being caused by the approaching magnet, the loop’s north pole (and
thus ) must face toward the approaching north pole so as to repel it (Fig.
30-4). Then the curled–straight right-hand rule for (Fig. 29-21) tells us that
the current induced in the loop must be counterclockwise in Fig. 30-4.

If we next pull the magnet away from the loop, a current will again be
induced in the loop. Now, however, the loop will have a south pole facing
the retreating north pole of the magnet, so as to oppose the retreat. Thus, the
induced current will be clockwise.

2. Opposition to Flux Change. In Fig. 30-4, with the magnet initially distant, no
magnetic flux passes through the loop. As the north pole of the magnet then

!:
!:

!:

because the final current in the solenoid is zero. To find the
initial flux "B,i, we note that area A is pd2 (# 3.464 $ 10%41

4

4. The flux through each turn of coil C depends on the area
A and orientation of that turn in the solenoid’s magnetic
field . Because is uniform and directed perpendicular
to area A, the flux is given by Eq. 30-2 ("B # BA).

5. The magnitude B of the magnetic field in the interior of a so-
lenoid depends on the solenoid’s current i and its number n
of turns per unit length,according to Eq.29-23 (B # m0in).

Calculations: Because coil C consists of more than one
turn, we apply Faraday’s law in the form of Eq. 30-5
(! # %N d"B/dt), where the number of turns N is 130 and
d"B/dt is the rate at which the flux changes.

Because the current in the solenoid decreases at a
steady rate, flux "B also decreases at a steady rate, and so we
can write d"B/dt as &"B/&t. Then, to evaluate &"B, we need
the final and initial flux values. The final flux "B, f is zero 

B
:B

:

m2) and the number n is 220 turns/cm, or 22 000 turns/m.
Substituting Eq. 29-23 into Eq. 30-2 then leads to

Now we can write

We are interested only in magnitudes; so we ignore the mi-
nus signs here and in Eq. 30-5, writing

(Answer)# 7.5 $ 10 %2 V # 75 mV.

 ! # N 
d"B

dt
# (130 turns)(5.76 $ 10 %4 V)

 # %5.76 $ 10 %4 Wb/s # %5.76 $ 10 %4 V.

 #
(0 % 1.44 $ 10 %5 Wb)

25 $ 10 %3 s

 
d"B

dt
#

&"B

&t
 #

"B, f % "B,i

&t

 #  1.44 $ 10 %5 Wb.
  $ (3.464 $ 10 %4 m2)

 # (4' $ 10 %7 T (m/A)(1.5 A)(22 000 turns/m)

"B, i # BA # (!0 in)A
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Faraday’s Law of Induction

A changing magnetic field gives
rise to an electric field.

Lenz’s Law

An induced current has a
direction such that the magnetic
field due to the current opposes
the change in the magnetic field
through the loop that caused the
current.

1Figure from Halliday, Resnick, Walker, 9th ed.



Electric Generators

1Figure from hyperphysics.phys-arstr.gsu.edu



Electric Guitar Pickups

Strings are made of ferrous metal: steel (iron) or nickel, which
become magnetized by the permanent magnets.

Plucked strings create a changing magnetic field that produces a
current in the pickup coil.

1Figure from HowStuffWorks.



Transformers

Transformers change voltage, V , and current simultaneously, while
keeping average power constant (conservation of energy).

This works via mutual inductance. If the current in the first coil
did not constantly change (AC) this would not work.

Vs = Vp
Ns

Np

1Figure from electronics-tutorials.ws



Relation between Electric and Magnetic Fields

Faraday’s Law of Induction

A changing magnetic field gives rise to an electric field.

Ampere-Maxwell Law of Induction

A changing electric field gives rise to an magnetic field.



Electromagnetic Waves



Light (Electromagnetic Radiation)

From the earliest philosophers people were curious about what
light is.

By the late 1600s there were two main camps:

• light is composed of particles - Newton, influenced by Pierre
Gassendi

• light is a wave - Christiaan Huygens (1678), following the
suggestion of Hooke, also Leonhard Euler

Both the particle and the wave models of light could explain
reflection and refraction of light, but initially the wave theory was
less popular.



Young’s Double-Slit Experiment
Thomas Young in 1801 did the first experiment that conclusively
showed the interference of light from 2 sources.

He filtered sunlight to make as source of red light, then shone the
light through a series of narrow apertures (slits).

1http://www.lightandmatter.com/



Young’s Double-Slit Experiment
The filtered coherent light then goes through two slits cut from the
same mask. The light from these two sources interferes.

The light strikes a screen where bright and dark areas can be seen.



Young’s Double-Slit Experiment

A pattern of light and dark “fringes” (stripes of light and darkness)
appear on the screen.

Zoomed in view:



Light (Electromagnetic Radiation) as a Wave
Light will also form diffraction patterns:



What is Light?

Thomas Young experimentally demonstrated the interference of
light, which confirmed that it needed to be considered as being
wave-like.

This fit with the understanding of Maxwell’s equations, which
govern electromagnetism.

Demonstrations of the diffraction of light were a victory for the
wave camp, however, a pure wave model of light could not predict
the shape of the distribution of radiation with temperature
(“blackbody radiation”)



Light and the Blackbody radiation curve

Planck was able to fit a model to this by assuming that light was
composed of “chuncks” of energy, called quanta.

Hertz then discovered the Photoelectric effect and was unable to
explain it with a wave model of light.



Photoelectric Effect

Metal rod

Glass container

Zinc plate

Foil leaf

Incoming radiation

Even very intense light at a low frequency will not allow the plate
to discharge. As soon as just a little light at a high frequency falls
on the plate it begins discharging.



What is Light?

Einstein resolved the issue by taking literally Max Planck’s
quantization model and showing that light behaves like a wave,
but also like a particle.

The “particles” of light are called photons.

The energy of a photon depends on its frequency:

E = hf

where h = 6.63× 10−34 J s is Planck’s constant.



Light (Electromagnetic Radiation)
Photons are “particles”, but they obey quantum mechanics,
therefore they behave like waves in many ways.

(Amazingly, one photon can interfere, like a wave, with itself!)

1Wikimedia Commons users Dr. Tonomura and Belsazar. Electron
interference. No. of samples: 200 (b), 6000 (c), 40000 (d), 140000 (e).



Light (Electromagnetic Radiation)

All light waves in a vacuum travel at the same speed, the speed of
light, c = 3.00× 108 m s−1.

All observers, no matter how they move relative to one another all
agree that any light wave travels at that same speed. (Relativity.)

Since light travels at this fixed speed and c = v = f λ, if the
frequency of the light is given, you also know the wavelength, and
vice versa.

λ =
c

f
; f =

c

λ



Electromagnetic spectrum



Electromagnetic spectrum



Measurements of the Speed of Light

Since light propagates so quickly it is difficult to measure its speed
in practice.

Many scientists worked to find ways to measure it:

• Galileo Galilei, 1638

• Ole Rømer, 1675 - observed the orbit of Io, a moon of Jupiter,
and noticed its period varied depending on whether the Earth
approaches Jupiter or recede from it

• Armand Fizeau, 1850 - used a toothed wheel

• Léon Foucault, 1850 - used a rotating mirror

• Albert Michelson, 1920s - improved the rotating mirror,
obtained a value only 0.001% from accepted value



Speed of Light in a Vacuum

Current accepted value for the speed of light in a vacuum:

c = 299 792 458 m/s

This agrees with the prediction of Maxwell’s laws, which govern
electromagnetism.

Light has needs no medium, but originally it was assumed that it
must have a medium. The supposed medium was called the ether
(or aether).



Michelson-Morely Experiment, 1887
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must be aimed upstream so that the resultant velocity is perpendicular to the wind, 
like the boat in Figure 4.21b. If the Sun is assumed to be at rest in the ether, the 
velocity of the ether wind would be equal to the orbital velocity of the Earth around 
the Sun, which has a magnitude of approximately 30 km/s or 3 3 104 m/s. Because 
c 5 3 3 108 m/s, it is necessary to detect a change in speed of approximately 1 part 
in 104 for measurements in the upwind or downwind directions. Although such 
a change is experimentally measurable, all attempts to detect such changes and 
establish the existence of the ether wind (and hence the absolute frame) proved 
futile! We shall discuss the classic experimental search for the ether in Section 39.2.
 The principle of Galilean relativity refers only to the laws of mechanics. If it is 
assumed the laws of electricity and magnetism are the same in all inertial frames, a 
paradox concerning the speed of light immediately arises. That can be understood 
by recognizing that Maxwell’s equations imply that the speed of light always has the 
fixed value 3.00 3 108 m/s in all inertial frames, a result in direct contradiction to 
what is expected based on the Galilean velocity transformation equation. According 
to Galilean relativity, the speed of light should not be the same in all inertial frames.
 To resolve this contradiction in theories, we must conclude that either (1) the laws 
of electricity and magnetism are not the same in all inertial frames or (2) the Galilean 
velocity transformation equation is incorrect. If we assume the first alternative, a pre-
ferred reference frame in which the speed of light has the value c must exist and the 
measured speed must be greater or less than this value in any other reference frame, 
in accordance with the Galilean velocity transformation equation. If we assume the 
second alternative, we must abandon the notions of absolute time and absolute length 
that form the basis of the Galilean space–time transformation equations.

39.2 The Michelson–Morley Experiment
The most famous experiment designed to detect small changes in the speed of light 
was first performed in 1881 by A. A. Michelson (see Section 37.6) and later repeated 
under various conditions by Michelson and Edward W. Morley (1838–1923). As we 
shall see, the outcome of the experiment contradicted the ether hypothesis.
 The experiment was designed to determine the velocity of the Earth relative 
to that of the hypothetical ether. The experimental tool used was the Michelson 
interferometer, which was discussed in Section 37.6 and is shown again in Figure 
39.4. Arm 2 is aligned along the direction of the Earth’s motion through space. 
The Earth moving through the ether at speed v is equivalent to the ether flowing 
past the Earth in the opposite direction with speed v. This ether wind blowing in 
the direction opposite the direction of the Earth’s motion should cause the speed 
of light measured in the Earth frame to be c 2 v as the light approaches mirror M2 
and c 1 v after reflection, where c is the speed of light in the ether frame.
 The two light beams reflect from M1 and M2 and recombine, and an interference 
pattern is formed as discussed in Section 37.6. The interference pattern is then 
observed while the interferometer is rotated through an angle of 90°. This rotation 
interchanges the speed of the ether wind between the arms of the interferometer. 
The rotation should cause the fringe pattern to shift slightly but measurably. Mea-
surements failed, however, to show any change in the interference pattern! The 
Michelson–Morley experiment was repeated at different times of the year when the 
ether wind was expected to change direction and magnitude, but the results were 
always the same: no fringe shift of the magnitude required was ever observed.2
 The negative results of the Michelson–Morley experiment not only contradicted 
the ether hypothesis, but also showed that it is impossible to measure the absolute 

2From an Earth-based observer’s point of view, changes in the Earth’s speed and direction of motion in the course 
of a year are viewed as ether wind shifts. Even if the speed of the Earth with respect to the ether were zero at some 
time, six months later the speed of the Earth would be 60 km/s with respect to the ether and as a result a fringe shift 
should be noticed. No shift has ever been observed, however.

According to the ether wind 
theory, the speed of light should 
be c ! v as the beam approaches 
mirror M2 and c " v after 
reflection.

M0 M2

M1

Arm 1

Arm 2

Ether wind

Telescope

Light
source

vS

Figure 39.4 A Michelson inter-
ferometer is used in an attempt to 
detect the ether wind.

IF there were an ether wind, the time taken for light to travel
arm 2, t2, would be different for arm 1, t1.

∆t = t2 − t1 ≈
Lv2

c3



Michelson-Morely Experiment

At different times of year, Earth’s motion through the ether would
be in different directions.

When the experiment was repeated over the course of a year, they
expected to see a change in the value of the time difference ∆t
correlated with the time of year.

This is not what they saw. There was no substantial difference
change with time of year - and ∆t = 0 (to within experimental
error).

⇒ There is no ether. Light travels at the same speed in all frames.



Laser Interferometer Gravitational-Wave
Observatory (LIGO)

Two miles-long interferometers where constructed in Hanford,
Washington, and in Livingston, Louisiana.

1The LIGO Livingston Observatory in Louisiana. Caltech/MIT/LIGO Lab



Detecting Gravitational Waves



Laser Interferometer Gravitational-Wave
Observatory (LIGO)

On Sept 14, 2015, both interferometers observed the same pattern
of lengthening and contraction in the arms of their interferometers
at basically the same time.

They concluded that the source of the waves was the merger of
two black holes.

This was the first confirmed detection of gravitational waves.

Just earlier this summer (June 1), LIGO has confirmed a third
blackhole collision 3 billion light years away detected on Jan 4,
2017.



Behavior of Light: Reflection
Just as pulses on strings can be reflected from a fixed or free end
of the string, light can be reflected from a surface when there is a
sudden change of material.

When the surface is smooth, we see specular (mirror-like)
reflection. If the incoming rays are parallel, so are the reflected
rays.

Specular reflection:

1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.

u1

Incident
ray

Normal

Reflected
ray

The incident ray, the reflected 
ray, and the normal all lie in 
the same plane, and u! " u1.1

u!1

Figure 35.6 The wave under 
reflection model.

Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.

1Figure from Serway & Jewett, page 1062.



Reflection

When the surface is rough, we see diffuse reflection. Even when
the incoming rays are parallel, the reflected rays are not.

Diffuse reflection:1062 Chapter 35 The Nature of Light and the Principles of Ray Optics

is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.

u1

Incident
ray

Normal

Reflected
ray

The incident ray, the reflected 
ray, and the normal all lie in 
the same plane, and u! " u1.1

u!1

Figure 35.6 The wave under 
reflection model.

Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.



Why does reflection of light happen?

Incident light is composed of oscillating electromagnetic fields.

This causes oscillating polarizations of individual atoms or
molecules (the distribution of their electron clouds change).

The atoms or molecules act like tiny dipole antennas that re-emit
electromagnetic waves.

These re-emited waves are the reflected rays.

Metals make particularly good mirrors because the electrons in a
metal are free to flow: they form better antennas.



Law of Reflection
For (specular) reflection, the angle made by the incident
(incoming) ray with respect to the normal to the surface is equal
to the angle made by the reflected ray with the normal:

θi = θr
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is reflected. For waves on a one-dimensional string, the reflected wave must neces-
sarily be restricted to a direction along the string. For light waves traveling in three- 
dimensional space, no such restriction applies and the reflected light waves can be in 
directions different from the direction of the incident waves. Figure 35.5a shows sev-
eral rays of a beam of light incident on a smooth, mirror-like, reflecting surface. The 
reflected rays are parallel to one another as indicated in the figure. The direction of 
a reflected ray is in the plane perpendicular to the reflecting surface that contains 
the incident ray. Reflection of light from such a smooth surface is called specular 
reflection. If the reflecting surface is rough as in Figure 35.5b, the surface reflects 
the rays not as a parallel set but in various directions. Reflection from any rough 
surface is known as diffuse reflection. A surface behaves as a smooth surface as long 
as the surface variations are much smaller than the wavelength of the incident light.
 The difference between these two kinds of reflection explains why it is more dif-
ficult to see while driving on a rainy night than on a dry night. If the road is wet, 
the smooth surface of the water specularly reflects most of your headlight beams 
away from your car (and perhaps into the eyes of oncoming drivers). When the 
road is dry, its rough surface diffusely reflects part of your headlight beam back 
toward you, allowing you to see the road more clearly. Your bathroom mirror exhib-
its specular reflection, whereas light reflecting from this page experiences diffuse 
reflection. In this book, we restrict our study to specular reflection and use the 
term reflection to mean specular reflection.
 Consider a light ray traveling in air and incident at an angle on a flat, smooth 
surface as shown in Figure 35.6. The incident and reflected rays make angles u1 and 
u91, respectively, where the angles are measured between the normal and the rays. 
(The normal is a line drawn perpendicular to the surface at the point where the 
incident ray strikes the surface.) Experiments and theory show that the angle of 
reflection equals the angle of incidence:

 u91 5 u1 (35.2)

This relationship is called the law of reflection. Because reflection of waves from 
an interface between two media is a common phenomenon, we identify an analysis 
model for this situation: the wave under reflection. Equation 35.2 is the mathemat-
ical representation of this model.

Q uick Quiz 35.1  In the movies, you sometimes see an actor looking in a mirror 
and you can see his face in the mirror. It can be said with certainty that during 
the filming of such a scene, the actor sees in the mirror: (a) his face (b) your 
face (c) the director’s face (d) the movie camera (e) impossible to determine
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Figure 35.5  Schematic repre-
sentation of (a) specular reflec-
tion, where the reflected rays are 
all parallel to one another, and 
(b) diffuse reflection, where the 
reflected rays travel in random 
directions. (c) and (d) Photo-
graphs of specular and diffuse 
reflection using laser light.
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Figure 35.6 The wave under 
reflection model.

Pitfall Prevention 35.1
Subscript Notation The subscript 
1 refers to parameters for the 
light in the initial medium. When 
light travels from one medium to 
another, we use the subscript 2 for 
the parameters associated with 
the light in the new medium. In 
this discussion, the light stays in 
the same medium, so we only have 
to use the subscript 1.



Law of Reflection Question

Quick Quiz 35.11 In the movies, you sometimes see an actor
looking in a mirror and you can see his face in the mirror. It can be
said with certainty that during the filming of such a scene, the
actor sees in the mirror:

(A) his face

(B) your face

(C) the director’s face

(D) the movie camera

Boris Karloff as Frankenstein’s monster.

1Serway & Jewett, page 1062.



Law of Reflection Question

Quick Quiz 35.11 In the movies, you sometimes see an actor
looking in a mirror and you can see his face in the mirror. It can be
said with certainty that during the filming of such a scene, the
actor sees in the mirror:

(A) his face

(B) your face

(C) the director’s face

(D) the movie camera←

Boris Karloff as Frankenstein’s monster.

1Serway & Jewett, page 1062.



Behavior of Light: Refraction
When light rays pass from one material into another, they are
often observed to bend.

1Image from Wikipedia, by Zátonyi Sándor.



Refraction

When light rays pass from one material into another, they are
often observed to bend.

 Conceptual Questions 1079

 5. Retroreflection by transparent spheres, mentioned in 
Section 35.4, can be observed with dewdrops. To do so, 
look at your head’s shadow where it falls on dewy grass. 
The optical display around the shadow of your head 
is called heiligen schein, which is German for holy light. 
Renaissance artist Benvenuto Cellini described the 
phenomenon and his reaction in his Autobiography, at 
the end of Part One, and American philosopher Henry 
David Thoreau did the same in Walden, “Baker Farm,” 
second paragraph. Do some Internet research to find 
out more about the heiligenschein.

 6. Sound waves have much in common with light waves, 
including the properties of reflection and refraction. 
Give an example of each of these phenomena for 
sound waves.

 7. Total internal reflection is applied 
in the periscope of a submerged 
submarine to let the user observe 
events above the water surface. In 
this device, two prisms are arranged 
as shown in Figure CQ35.7 so that 
an incident beam of light follows the 
path shown. Parallel tilted, silvered 
mirrors could be used, but glass 
prisms with no silvered surfaces give 
higher light throughput. Propose a 
reason for the higher efficiency.

 8. Explain why a diamond sparkles more than a glass 
crystal of the same shape and size.

 9. A laser beam passing through a nonhomogeneous 
sugar solution follows a curved path. Explain.

 10. The display windows of some department stores are 
slanted slightly inward at the bottom. This tilt is to 
decrease the glare from streetlights and the Sun, which 
would make it difficult for shoppers to see the display 
inside. Sketch a light ray reflecting from such a window 
to show how this design works.

 11. At one restaurant, a worker uses colored chalk to 
write the daily specials on a blackboard illuminated 

45!

45!

45!

45!

Figure CQ35.7

with a spotlight. At 
another restaurant, 
a worker writes with 
colored grease pen-
cils on a flat, smooth 
sheet of transparent 
acrylic plastic with 
an index of refrac-
tion 1.55. The panel 
hangs in front of a 
piece of black felt. 
Small, bright fluores-
cent tube lights are 
installed all along the 
edges of the sheet, 
inside an opaque channel. Figure CQ35.11 shows a cut-
away view of the sign. (a) Explain why viewers at both 
restaurants see the letters shining against a black back-
ground. (b) Explain why the sign at the second restau-
rant may use less energy from the electric company 
than the illuminated blackboard at the first restaurant.  
(c) What would be a good choice for the index of refrac-
tion of the material in the grease pencils?

 12. (a) Under what conditions is a mirage formed? While 
driving on a hot day, sometimes you see what appears 
to be water on the road far ahead. When you arrive 
at the location of the water, however, the road is per-
fectly dry. Explain this phenomenon. (b) The mirage 
called fata morgana often occurs over water or in cold 
regions covered with snow or ice. It can cause islands 
to sometimes become visible, even though they are 
not normally visible because they are below the hori-
zon due to the curvature of the Earth. Explain this 
phenomenon.

 13. Figure CQ35.13 shows a pencil partially immersed in a 
cup of water. Why does the pencil appear to be bent?

Figure CQ35.13
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 14. A scientific supply catalog advertises a material having 
an index of refraction of 0.85. Is that a good product to 
buy? Why or why not?

 15. Why do astronomers looking at distant galaxies talk 
about looking backward in time?
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Fluorescent tube
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Figure CQ35.11
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Refraction

 35.5 Analysis Model: Wave Under Refraction 1065

ness of the pixel is determined by the total time interval during which the mirror is 
in the “on” position during the display of one image.
 Digital movie projectors use three micromirror devices, one for each of the pri-
mary colors red, blue, and green, so that movies can be displayed with up to 35 
trillion colors. Because information is stored as binary data, a digital movie does 
not degrade with time as does film. Furthermore, because the movie is entirely in 
the form of computer software, it can be delivered to theaters by means of satellites, 
optical discs, or optical fiber networks.
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All rays and the normal lie in the 
same plane, and the refracted 
ray is bent toward the normal 
because v2 ! v1.
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Figure 35.10 (a) The wave under refrac-
tion model. (b) Light incident on the Lucite 
block refracts both when it enters the block 
and when it leaves the block.

Imagine a wave (electromag-
netic or mechanical) travel-
ing through space and strik-
ing a flat surface at an angle 
u1 with respect to the normal 
to the surface. The wave will 
reflect from the surface in 
a direction described by the 
law of reflection—the angle of reflection u91 equals the 
angle of incidence u1:

 u91 5 u1 (35.2)

Analysis Model   Wave Under Reflection

u"
u1

1

Examples: 

-
shell out to the audience

light show
 

face back to you to form an image of your face 
(Chapter 36)

optical pattern that can be used to understand the 
structure of the solid (Chapter 38)

35.5 Analysis Model: Wave Under Refraction
In addition to the phenomenon of reflection discussed for waves on strings 
in Section 16.4, we also found that some of the energy of the incident wave 
transmits into the new medium. For example, consider Figures 16.15 and 
16.16, in which a pulse on a string approaching a junction with another 
string both reflects from and transmits past the junction and into the sec-
ond string. Similarly, when a ray of light traveling through a transparent 
medium encounters a boundary leading into another transparent medium 
as shown in Figure 35.10, part of the energy is reflected and part enters the 
second medium. As with reflection, the direction of the transmitted wave 
exhibits an interesting behavior because of the three-dimensional nature 
of the light waves. The ray that enters the second medium changes its direc-
tion of propagation at the boundary and is said to be refracted. The inci-
dent ray, the reflected ray, and the refracted ray all lie in the same plane. 
The angle of refraction, u2 in Figure 35.10a, depends on the properties of 
the two media and on the angle of incidence u1 through the relationship

 
sin u2

sin u1
5

v2

v1
 (35.3)

where v1 is the speed of light in the first medium and v2 is the speed of 
light in the second medium.
 The path of a light ray through a refracting surface is reversible. For 
example, the ray shown in Figure 35.10a travels from point A to point B. 
If the ray originated at B, it would travel along line BA to reach point A 
and the reflected ray would point downward and to the left in the glass.

Q uick Quiz 35.2  If beam " is the incoming beam in Figure 35.10b, 
which of the other four red lines are reflected beams and which are 
refracted beams?
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 35.5 Analysis Model: Wave Under Refraction 1065

ness of the pixel is determined by the total time interval during which the mirror is 
in the “on” position during the display of one image.
 Digital movie projectors use three micromirror devices, one for each of the pri-
mary colors red, blue, and green, so that movies can be displayed with up to 35 
trillion colors. Because information is stored as binary data, a digital movie does 
not degrade with time as does film. Furthermore, because the movie is entirely in 
the form of computer software, it can be delivered to theaters by means of satellites, 
optical discs, or optical fiber networks.
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Figure 35.10 (a) The wave under refrac-
tion model. (b) Light incident on the Lucite 
block refracts both when it enters the block 
and when it leaves the block.

Imagine a wave (electromag-
netic or mechanical) travel-
ing through space and strik-
ing a flat surface at an angle 
u1 with respect to the normal 
to the surface. The wave will 
reflect from the surface in 
a direction described by the 
law of reflection—the angle of reflection u91 equals the 
angle of incidence u1:

 u91 5 u1 (35.2)

Analysis Model   Wave Under Reflection

u"
u1

1

Examples: 

-
shell out to the audience

light show
 

face back to you to form an image of your face 
(Chapter 36)

optical pattern that can be used to understand the 
structure of the solid (Chapter 38)

35.5 Analysis Model: Wave Under Refraction
In addition to the phenomenon of reflection discussed for waves on strings 
in Section 16.4, we also found that some of the energy of the incident wave 
transmits into the new medium. For example, consider Figures 16.15 and 
16.16, in which a pulse on a string approaching a junction with another 
string both reflects from and transmits past the junction and into the sec-
ond string. Similarly, when a ray of light traveling through a transparent 
medium encounters a boundary leading into another transparent medium 
as shown in Figure 35.10, part of the energy is reflected and part enters the 
second medium. As with reflection, the direction of the transmitted wave 
exhibits an interesting behavior because of the three-dimensional nature 
of the light waves. The ray that enters the second medium changes its direc-
tion of propagation at the boundary and is said to be refracted. The inci-
dent ray, the reflected ray, and the refracted ray all lie in the same plane. 
The angle of refraction, u2 in Figure 35.10a, depends on the properties of 
the two media and on the angle of incidence u1 through the relationship

 
sin u2

sin u1
5

v2

v1
 (35.3)

where v1 is the speed of light in the first medium and v2 is the speed of 
light in the second medium.
 The path of a light ray through a refracting surface is reversible. For 
example, the ray shown in Figure 35.10a travels from point A to point B. 
If the ray originated at B, it would travel along line BA to reach point A 
and the reflected ray would point downward and to the left in the glass.

Q uick Quiz 35.2  If beam " is the incoming beam in Figure 35.10b, 
which of the other four red lines are reflected beams and which are 
refracted beams?



Refraction

Why does this happen?

Foucault did his speed-of-light experiment in water (1850), and
Fizeau (1851) went further, also investigating light moving water.

Both found visible light had a slower speed in water than in air.
This agreed with the wave model of light. (But not the particle
model!)



Refraction

If a wave enters a material where it moves more slowly, what
happens?

1 the frequency cannot change – the source still “updates” the
material about a new wave front every T seconds.

2 the wavelength changes (v = f λ)

When the wavefronts slow, they bend.
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Refraction
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 From Equation 35.3, we can infer that when light moves from a material in which 
its speed is high to a material in which its speed is lower as shown in Figure 35.11a, 
the angle of refraction u2 is less than the angle of incidence u1 and the ray is bent 
toward the normal. If the ray moves from a material in which light moves slowly to 
a material in which it moves more rapidly as illustrated in Figure 35.11b, then u2 is 
greater than u1 and the ray is bent away from the normal.
 The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air, 
its speed is 3.00 3 108 m/s, but this speed is reduced to approximately 2 3 108 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 3 108 m/s. This effect is far 
different from what happens, for example, when a bullet is fired through a block of 
wood. In that case, the speed of the bullet decreases 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 a speed lower than it had when it 
entered the 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’s assume 
light is absorbed by the atom, which causes the electron to oscillate (a detail repre-
sented 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 atom to another at 3.00 3 108 m/s, the absorption and radiation that take 
place cause the average light speed through the material to fall to approximately 
2 3 108 m/s. Once the light emerges into the air, absorption and radiation cease 
and the light travels at a constant speed of 3.00 3 108 m/s.
 A mechanical analog of refraction is shown in Figure 35.13. When the left end 
of the rolling barrel reaches the grass, it slows down, whereas the right end remains 
on the concrete and moves at its original speed. This difference in speeds causes 
the barrel to pivot, which changes the direction of travel.

Index of Refraction
In general, the speed of light in any material is less than its speed in vacuum. In 
fact, light travels at its maximum speed c in vacuum. It is convenient to define the index 
of refraction n of a medium to be the ratio

 n ;
speed of light in vacuum

speed of light in a medium
;

c
v  (35.4)Index of refraction X

a b
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v2

v1
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v1
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Normal Normal
When the light beam 
moves from air into 
glass, the light slows 
down upon entering the 
glass and its path is bent 
toward the normal.

When the beam 
moves from glass 
into air, the light 
speeds up upon 
entering the air 
and its path is 
bent away from 
the normal.

u1

u2 ! u1

v2 ! v1

u1

u2 " u1

v2 " v1

u2

Figure 35.11 The refraction of 
light as it (a) moves from air into 
glass and (b) moves from glass 
into air.

A B

Figure 35.12  Light passing 
from one atom to another in a 
medium. The blue spheres are 
electrons, and the vertical arrows 
represent their oscillations.

Concrete

Grass

This end slows first; as a 
result, the barrel turns.

v1

v2

v2 ! v1

Figure 35.13 Overhead view 
of a barrel rolling from concrete 
onto grass.

1Serway & Jewett, 9th ed, page 1066.
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1McGraw-Hill Concise Encyclopedia of Physics. c© 2002 by The
McGraw-Hill Companies, Inc.



Refractive Index

Light at a particular frequency moves at different speeds in
different materials.

Light interacts with the charges that constitute the material, and
the net effect is a wave that moves more slowly.

Refractive index of a medium, n

n =
c

v

where v = ω
k is the phase velocity of light with angular frequency

ω in that material.



Snell’s Law

Snell’s Law gives the relation between the angles of incidence and
refraction and the refractive indices:

n1 sin θ1 = n2 sin θ2

1Willebrord Snell discovered this law experimentally.



Snell’s Law and Refraction
If n1 < n2 the ray bends towards the normal, if n1 > n2 the ray
bends away from the normal.
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Dispersion

We have already said that the speed of light for a given frequency
of light is different in different materials.

However, the speed of light is also different for different
frequencies of light in the same material.

This means the refractive index is a function of frequency, n(f ).



Dispersion
A plot of refractive index vs. wavelength for some kinds of
transparent solids:
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same time, the wave at B emits a Huygens wavelet (the light brown circular arc passing 
through C) with the incident light making an angle g with the surface. Figure 35.19 
shows these wavelets after a time interval Dt, after which ray 2 strikes the surface. 
Because both rays 1 and 2 move with the same speed, we must have AD 5 BC 5 c Dt.
 The remainder of our analysis depends on geometry. Notice that the two tri-
angles ABC and ADC are congruent because they have the same hypotenuse AC and 
because AD 5 BC. Figure 35.19 shows that

cos g 5
BC
AC
 and cos g r 5

AD
AC

where g 5 90° 2 u1 and g9 5 90° 2 u91. Because AD 5 BC,

cos g 5 cos g9

Therefore,

g 5 g9

90° 2 u1 5 90° 2 u91

and

u1 5 u91

which is the law of reflection.
 Now let’s use Huygens’s principle to derive Snell’s law of refraction. We focus our 
attention on the instant ray 1 strikes the surface and the subsequent time interval 
until ray 2 strikes the surface as in Figure 35.20. During this time interval, the wave 
at A sends out a Huygens wavelet (the light brown arc passing through D) and the 
light refracts into the material, making an angle u2 with the normal to the surface. 
In the same time interval, the wave at B sends out a Huygens wavelet (the light 
brown arc passing through C) and the light continues to propagate in the same 
direction. Because these two wavelets travel through different media, the radii of 
the wavelets are different. The radius of the wavelet from A is AD 5 v2 Dt, where v2 
is the wave speed in the second medium. The radius of the wavelet from B is BC 5 
v1 Dt, where v1 is the wave speed in the original medium.
 From triangles ABC and ADC, we find that

sin u1 5
BC
AC

5
v1 Dt
AC

  and sin u2 5
AD
AC

5
v2 Dt
AC

Dividing the first equation by the second gives

sin u1

sin u2
5

v1

v2

From Equation 35.4, however, we know that v1 5 c/n1 and v2 5 c/n2. Therefore,

sin u1

sin u2
5

c/n 1

c/n 2
5

n 2

n1

and

n1 sin u1 5 n2 sin u2

which is Snell’s law of refraction.

35.7 Dispersion
An important property of the index of refraction n is that, for a given material, 
the index varies with the wavelength of the light passing through the material as 
Figure 35.21 shows. This behavior is called dispersion. Because n is a function of 
wavelength, Snell’s law of refraction indicates that light of different wavelengths is 
refracted at different angles when incident on a material.
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Crown glass

Fused quartz

1.54

Figure 35.21  Variation of index 
of refraction with vacuum wave-
length for three materials.
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This wavelet was 
sent out by wave 
1 from point A.

This wavelet 
was sent out at 
the same time 
by wave 2 
from point B.

u2

Figure 35.20  Huygens’s con-
struction for proving Snell’s law of 
refraction. 

1Figure from Serway & Jewett, 9th ed, page 1072.



Prism Dispersion

All materials exhibit dispersion, to varying degrees, except the
vacuum.

 Problems 1083

the middle of the container’s bottom as shown in Fig-
ure P35.32b. (a) Show that the ratio h/d is given by

 
h
d

5 Ån2 2 1
4 2 n2

  (b) Assuming the container has a width of 8.00 cm and 
is filled with water, use the expression above to find 
the height of the container. (c) For what range of val-
ues of n will the center of the coin not be visible for any 
values of h and d?

 33. A laser beam is incident 
on a 45°–45°–90° prism 
perpendicular to one of 
its faces as shown in Fig-
ure P35.33. The trans-
mitted beam that exits 
the hypotenuse of the 
prism makes an angle of  
u 5 15.0° with the direc-
tion of the incident beam. Find the index of refraction 
of the prism.

 34. A submarine is 300 m horizontally from the shore of a 
freshwater lake and 100 m beneath the surface of the 
water. A laser beam is sent from the submarine so that 
the beam strikes the surface of the water 210 m from 
the shore. A building stands on the shore, and the 
laser beam hits a target at the top of the building.  
The goal is to find the height of the target above sea 
level. (a) Draw a diagram of the situation, identifying 
the two triangles that are important in finding the 
solution. (b) Find the angle of incidence of the beam 
striking the water–air interface. (c) Find the angle of 
refraction. (d) What angle does the refracted beam 
make with the horizontal? (e) Find the height of the 
target above sea level.

 35. A beam of light both reflects and 
refracts at the surface between 
air and glass as shown in Figure 
P35.35. If the refractive index 
of the glass is ng , find the angle 
of incidence u1 in the air that 
would result in the reflected ray 
and the refracted ray being per-
pendicular to each other.

Section 35.6  Huygens’s Principle
Section 35.7  Dispersion
 36. The index of refraction for red light in water is 1.331 

and that for blue light is 1.340. If a ray of white light 
enters the water at an angle of incidence of 83.0°, what 
are the underwater angles of refraction for the (a) red 
and (b) blue components of the light?

 37. A light beam containing red and violet wavelengths is 
incident on a slab of quartz at an angle of incidence  
of 50.0°. The index of refraction of quartz is 1.455 at 
600 nm (red light), and its index of refraction is 1.468 
at 410 nm (violet light). Find the dispersion of the slab, 
which is defined as the difference in the angles of 
refraction for the two wavelengths.

45.0°

u

Figure P35.33

GP

ng

1θ

Figure P35.35

S

 38. The speed of a water wave is described by v 5 !gd , 
where d is the water depth, assumed to be small com-
pared to the wavelength. Because their speed changes, 
water waves refract when moving into a region of dif-
ferent depth. (a) Sketch a map of an ocean beach on 
the eastern side of a landmass. Show contour lines of 
constant depth under water, assuming a reasonably 
uniform slope. (b) Suppose waves approach the coast 
from a storm far away to the north–northeast. Dem-
onstrate that the waves move nearly perpendicular to 
the shoreline when they reach the beach. (c) Sketch a 
map of a coastline with alternating bays and headlands 
as suggested in Figure P35.38. Again make a reason-
able guess about the shape of contour lines of constant 
depth. (d) Suppose waves approach the coast, carrying 
energy with uniform density along originally straight 
wave fronts. Show that the energy reaching the coast is 
concentrated at the headlands and has lower intensity 
in the bays.

Figure P35.38
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 39. 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 spread of visible light passing through a prism 
of apex angle 60.0° if the angle of incidence is 50.0°? 
See Figure P35.39.

Visible 
light

Angular 
spread

Deviation of
red light

Screen

R
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Y

G
B

V

Figure P35.39 Problems 39 and 40.

 40. The index of refraction for violet light in silica flint glass 
is nV , and that for red light is nR. What is the angular 
spread of visible light passing through a prism of apex 
angle F if the angle of incidence is u? See Figure P35.39.

Section 35.8  Total Internal Reflection
 41. A glass optical fiber (n 5 1.50) is submerged in water 

(n 5 1.33). What is the critical angle for light to stay 
inside the fiber?

M

S
Each frequency has a different refractive index n, so each is
refracted at a different angle.

1Left, Wikipedia by Spigget; right, Serway & Jewett, page 1083.



Dispersion in Rainbows
 35.7 Dispersion 1073

 Figure 35.21 shows that the index of refraction generally decreases with increas-
ing wavelength. For example, violet light refracts more than red light does when 
passing into a material.
 Now suppose a beam of white light (a combination of all visible wavelengths) is 
incident on a prism as illustrated in Figure 35.22. Clearly, the angle of deviation 
d depends on wavelength. The rays that emerge spread out in a series of colors 
known as the visible spectrum. These colors, in order of decreasing wavelength, 
are red, orange, yellow, green, blue, and violet. Newton showed that each color has 
a particular angle of deviation and that the colors can be recombined to form the 
original white light.
 The dispersion of light into a spectrum is demonstrated most vividly in nature by 
the formation of a rainbow, which is often seen by an observer positioned between 
the Sun and a rain shower. To understand how a rainbow is formed, consider Fig-
ure 35.23. We will need to apply both the wave under reflection and wave under 
refraction models. A ray of sunlight (which is white light) passing overhead strikes a 
drop of water in the atmosphere and is refracted and reflected as follows. It is first 
refracted at the front surface of the drop, with the violet light deviating the most 
and the red light the least. At the back surface of the drop, the light is reflected and 
returns to the front surface, where it again undergoes refraction as it moves from 
water into air. The rays leave the drop such that the angle between the incident 
white light and the most intense returning violet ray is 40° and the angle between 
the incident white light and the most intense returning red ray is 42°. This small 
angular difference between the returning rays causes us to see a colored bow.
 Now suppose an observer is viewing a rainbow as shown in Figure 35.24. If a rain-
drop high in the sky is being observed, the most intense red light returning from 
the drop reaches the observer because it is deviated the least; the most intense vio-
let light, however, passes over the observer because it is deviated the most. Hence, 
the observer sees red light coming from this drop. Similarly, a drop lower in the sky 
directs the most intense violet light toward the observer and appears violet to the 
observer. (The most intense red light from this drop passes below the observer’s eye 
and is not seen.) The most intense light from other colors of the spectrum reaches 
the observer from raindrops lying between these two extreme positions.
 Figure 35.25 (page 1074) shows a double rainbow. The secondary rainbow is fainter 
than the primary rainbow, and the colors are reversed. The secondary rainbow 
arises from light that makes two reflections from the interior surface before exiting  

The colors in the refracted beam 
are separated because dispersion 
in the prism causes different 
wavelengths of light to be 
refracted through different angles.

Figure 35.22  White light enters a 
glass prism at the upper left. 
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The violet light refracts 
through larger angles 
than the red light.
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Figure 35.23 Path of sunlight 
through a spherical raindrop. 
Light following this path contrib-
utes to the visible rainbow.

Pitfall Prevention 35.5
A Rainbow of Many Light Rays  
Pictorial representations such as 
Figure 35.23 are subject to misin-
terpretation. The figure shows one 
ray of light entering the raindrop 
and undergoing reflection and 
refraction, exiting the raindrop 
in a range of 40° to 42° from the 
entering ray. This illustration 
might be interpreted incorrectly as 
meaning that all light entering the 
raindrop exits in this small range 
of angles. In reality, light exits the 
raindrop over a much larger range 
of angles, from 0° to 42°. A care-
ful analysis of the reflection and 
refraction from the spherical rain-
drop shows that the range of 40° 
to 42° is where the  highest-intensity 
light exits the raindrop.

White

42!
40!

42!
40!

White

The highest-intensity light 
traveling from higher raindrops 
toward the eyes of the observer 
is red, whereas the most intense 
light from lower drops is violet.
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Figure 35.24  The formation of a 
rainbow seen by an observer stand-
ing with the Sun behind his back.
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directs the most intense violet light toward the observer and appears violet to the 
observer. (The most intense red light from this drop passes below the observer’s eye 
and is not seen.) The most intense light from other colors of the spectrum reaches 
the observer from raindrops lying between these two extreme positions.
 Figure 35.25 (page 1074) shows a double rainbow. The secondary rainbow is fainter 
than the primary rainbow, and the colors are reversed. The secondary rainbow 
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Figure 35.22  White light enters a 
glass prism at the upper left. 
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A Rainbow of Many Light Rays  
Pictorial representations such as 
Figure 35.23 are subject to misin-
terpretation. The figure shows one 
ray of light entering the raindrop 
and undergoing reflection and 
refraction, exiting the raindrop 
in a range of 40° to 42° from the 
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might be interpreted incorrectly as 
meaning that all light entering the 
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is red, whereas the most intense 
light from lower drops is violet.

R

R

V

V

Figure 35.24  The formation of a 
rainbow seen by an observer stand-
ing with the Sun behind his back.



Dispersion in Rainbows

1Figure from Hewitt, page 496.



Polarization

Light is composed of oscillation electric and magnetic fields.
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 The arrangement of atoms in a crystal of sodium chloride (NaCl) is shown in 
Figure 38.22. Each unit cell (the geometric solid that repeats throughout the crys-
tal) is a cube having an edge length a. A careful examination of the NaCl structure 
shows that the ions lie in discrete planes (the shaded areas in Fig. 38.22). Now 
suppose an incident x-ray beam makes an angle u with one of the planes as in Fig-
ure 38.23. The beam can be reflected from both the upper plane and the lower 
one, but the beam reflected from the lower plane travels farther than the beam 
reflected from the upper plane. The effective path difference is 2d sin u. The two 
beams reinforce each other (constructive interference) when this path difference 
equals some integer multiple of l. The same is true for reflection from the entire 
family of parallel planes. Hence, the condition for constructive interference (max-
ima in the reflected beam) is

 2d sin u 5 ml    m 5 1, 2, 3, . . . (38.8)

This condition is known as Bragg’s law, after W. L. Bragg (1890–1971), who first 
derived the relationship. If the wavelength and diffraction angle are measured, 
Equation 38.8 can be used to calculate the spacing between atomic planes.

38.6 Polarization of Light Waves
In Chapter 34, we described the transverse nature of light and all other electromag-
netic waves. Polarization, discussed in this section, is firm evidence of this trans-
verse nature.
 An ordinary beam of light consists of a large number of waves emitted by the 
atoms of the light source. Each atom produces a wave having some particular 
orien ta  tion of the electric field vector E

S
, corresponding to the direction of atomic 

vibration. The direction of polarization of each individual wave is defined to be the 
direction in which the electric field is vibrating. In Figure 38.24, this direction hap-
pens to lie along the y axis. All individual electromagnetic waves traveling in the x  
direction have an E

S
 vector parallel to the yz plane, but this vector could be at any 

possible angle with respect to the y axis. Because all directions of vibration from 
a wave source are possible, the resultant electromagnetic wave is a superposition 
of waves vibrating in many different directions. The result is an unpolarized light 
beam, represented in Figure 38.25a (page 1176). The direction of wave propaga-
tion in this figure is perpendicular to the page. The arrows show a few possible  

�W Bragg’s law

Pitfall Prevention 38.4
Different Angles Notice in Figure 
38.23 that the angle u is measured 
from the reflecting surface rather 
than from the normal as in the 
case of the law of reflection in 
Chapter 35. With slits and diffrac-
tion gratings, we also measured 
the angle u from the normal to the 
array of slits. Because of historical 
tradition, the angle is measured 
differently in Bragg diffraction, so 
interpret Equation 38.8 with care.

The blue spheres represent 
Cl! ions, and the red spheres 
represent Na" ions.

a

Figure 38.22  Crystalline struc- 
ture of sodium chloride (NaCl).  
The length of the cube edge is  
a 5 0.562 737 nm.

The incident beam can 
reflect from different 
planes of atoms.

Incident
beam

Upper
plane

Lower
plane

d

d sin u 

u u

u

Reflected
beam

Figure 38.23  A two-dimensional description of the 
reflection of an x-ray beam from two parallel crystalline 
planes separated by a distance d. The beam reflected 
from the lower plane travels farther than the beam 
reflected from the upper plane by a distance 2d sin u.

z

y

x
B
S

E
S

cS

Figure 38.24  Schematic dia-
gram of an electromagnetic wave 
propagating at velocity cS in the 
x direction. The electric field 
vibrates in the xy plane, and the 
magnetic field vibrates in the xz 
plane.

In the diagram the E-field oscillates in the y -direction. The
magnetic field must oscillate in perpendicular direction (here x)
and the direction of propagation is z .



Polarization
We refer to the direction of oscillation of the E-field as the
polarization direction of the light ray.
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directions of the electric field vectors for the individual waves making up the resul-
tant beam. At any given point and at some instant of time, all these individual elec-
tric field vectors add to give one resultant electric field vector.
 As noted in Section 34.3, a wave is said to be linearly polarized if the resultant 
electric field E

S
 vibrates in the same direction at all times at a particular point as 

shown in Figure 38.25b. (Sometimes, such a wave is described as plane-polarized, or 
simply polarized.) The plane formed by E

S
 and the direction of propagation is called 

the plane of polarization of the wave. If the wave in Figure 38.24 represents the resul-
tant of all individual waves, the plane of polarization is the xy plane.
 A linearly polarized beam can be obtained from an unpolarized beam by remov-
ing all waves from the beam except those whose electric field vectors oscillate in 
a single plane. We now discuss four processes for producing polarized light from 
unpolarized light.

Polarization by Selective Absorption
The most common technique for producing polarized light is to use a material that 
transmits waves whose electric fields vibrate in a plane parallel to a certain direc-
tion and that absorbs waves whose electric fields vibrate in all other directions.
 In 1938, E. H. Land (1909–1991) discovered a material, which he called Pola-
roid, that polarizes light through selective absorption. This material is fabricated in 
thin sheets of long-chain hydrocarbons. The sheets are stretched during manufac-
ture so that the long-chain molecules align. After a sheet is dipped into a solution 
containing iodine, the molecules become good electrical conductors. Conduction 
takes place primarily along the hydrocarbon chains because electrons can move 
easily only along the chains. If light whose electric field vector is parallel to the 
chains is incident on the material, the electric field accelerates electrons along the 
chains and energy is absorbed from the radiation. Therefore, the light does not 
pass through the material. Light whose electric field vector is perpendicular to the 
chains passes through the material because electrons cannot move from one mol-
ecule to the next. As a result, when unpolarized light is incident on the material, 
the exiting light is polarized perpendicular to the molecular chains.
 It is common to refer to the direction perpendicular to the molecular chains 
as the transmission axis. In an ideal polarizer, all light with E

S
 parallel to the trans-

mission axis is transmitted and all light with E
S

 perpendicular to the transmission 
axis is absorbed.
 Figure 38.26 represents an unpolarized light beam incident on a first polarizing 
sheet, called the polarizer. Because the transmission axis is oriented vertically in the 
figure, the light transmitted through this sheet is polarized vertically. A second 
polarizing sheet, called the analyzer, intercepts the beam. In Figure 38.26, the ana-
lyzer transmission axis is set at an angle u to the polarizer axis. We call the electric 
field vector of the first transmitted beam E

S
0 . The component of E

S
0  perpendicular 

to the analyzer axis is completely absorbed. The component of E
S

0  parallel to the 

a b

The red dot signifies the 
velocity vector for the wave 
coming out of the page.

E
S

E
S

Figure 38.25  (a) A represen-
tation of an unpolarized light 
beam viewed along the direction 
of propagation. The transverse 
electric field can vibrate in any 
direction in the plane of the page 
with equal probability. (b) A lin-
early polarized light beam with 
the electric field vibrating in the 
vertical direction.

Transmission
axis

u

The polarizer polarizes 
the incident light along 
its transmission axis.

The analyzer allows 
the component of the 
light parallel to its axis 
to pass through.

Unpolarized
light

Polarized
light

E0
S

Figure 38.26 Two polarizing 
sheets whose transmission axes 
make an angle u with each other. 
Only a fraction of the polarized 
light incident on the analyzer is 
transmitted through it.

unpolarized light vertically polarized light

Light can also be horizontally polarized or polarized in any other
plane.

It can also be circularly polarized, meaning the direction of
oscillation of the E-field rotates as the ray propagates.



Creating Polarized Light: by Selective Absorption

When unpolarized light of a long wavelength is shone through a set
of closely-placed vertical wires, it becomes polarized horizontally.

Any light ray with an electric field oscillation that is vertical causes
a current in the wires. The energy is absorbed as the electron flow
in the wire heats the wire.

The horizontally polarized light has no electric field oscillation
vertically, so it passes through the wires without interacting with
them.

For shorter wavelengths a material called polariod will do the same
thing.



Creating Polarized Light: by Reflection

When light strikes a smooth surface of a transparent material,
some light is reflected and some is transmitted.

Interestingly, the polarization of the transmitted beam is not the
same as of the reflected beam!

If the incident ray is unpolarized, the transmitted and reflected rays
will be partially polarized.



Creating Polarized Light: by Reflection
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 We can obtain an expression relating the polarizing angle to the index of refrac-
tion of the reflecting substance by using Figure 38.28b. From this figure, we see 
that up 1 90° 1 u2 5 180°; therefore, u2 5 90° 2 up. Using Snell’s law of refraction 
(Eq. 35.8) gives

n 2

n1
5

sin u1

sin u2
5

sin up

sin u2

Because sin u2 5 sin (90° 2 up) 5 cos up, we can write this expression as n 2/n1 5 
sin up /cos up , which means that

 tan up 5
n 2

n1
 (38.10)

This expression is called Brewster’s law, and the polarizing angle up is sometimes 
called Brewster’s angle, after its discoverer, David Brewster (1781–1868). Because n 
varies with wavelength for a given substance, Brewster’s angle is also a function of 
wavelength.
 We can understand polarization by reflection by imagining that the electric field 
in the incident light sets electrons at the surface of the material in Figure 38.28b 
into oscillation. The component directions of oscillation are (1) parallel to the 
arrows shown on the refracted beam of light and therefore parallel to the reflected 
beam and (2) perpendicular to the page. The oscillating electrons act as dipole 
antennas radiating light with a polarization parallel to the direction of oscillation. 
Consult Figure 34.12, which shows the pattern of radiation from a dipole antenna. 
Notice that there is no radiation at an angle of u 5 0, that is, along the oscillation 
direction of the antenna. Therefore, for the oscillations in direction 1, there is no 
radiation in the direction along the reflected ray. For oscillations in direction 2, 
the electrons radiate light with a polarization perpendicular to the page. There-
fore, the light reflected from the surface at this angle is completely polarized paral-
lel to the surface.
 Polarization by reflection is a common phenomenon. Sunlight reflected from 
water, glass, and snow is partially polarized. If the surface is horizontal, the electric 
field vector of the reflected light has a strong horizontal component. Sunglasses 
made of polarizing material reduce the glare of reflected light. The transmission 
axes of such lenses are oriented vertically so that they absorb the strong horizontal 
component of the reflected light. If you rotate sunglasses through 90°, they are not 
as effective at blocking the glare from shiny horizontal surfaces.

Brewster’s law X

a b

The dots represent electric 
field oscillations parallel to 
the reflecting surface and 
perpendicular to the page.

The arrows represent 
electric field oscillations 
perpendicular to those 
represented by the dots.

u1

90!

Incident
beam

Reflected
beam

Incident
beam Reflected

beamu1

u2

n2

n1
n2

n1

Refracted
beam

Refracted
beam

Electrons at the surface 
oscillating in the direction of 
the reflected ray (perpendicular 
to the dots and parallel to the 
blue arrow) send no energy in 
this direction.

u2

up
up

Figure 38.28  (a) When unpo-
larized light is incident on a 
reflecting surface, the reflected 
and refracted beams are partially 
polarized. (b) The reflected beam 
is completely polarized when the 
angle of incidence equals the 
polarizing angle up , which satisfies 
the equation n 2/n 1 5 tan up . At 
this incident angle, the reflected 
and refracted rays are perpendic-
ular to each other.

The dipoles in the surface cannot create a ray that has an E-field
oscillating in the direction that the ray travels.

When the incident and reflected rays are perpendicular, the
reflected ray is completely polarized parallel to the surface.



Creating Polarized Light: Scattering
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 Engineers often use this technique, called optical stress analysis, in designing struc-
tures ranging from bridges to small tools. They build a plastic model and analyze it 
under different load conditions to determine regions of potential weakness and fail-
ure under stress. An example of a plastic model under stress is shown in Figure 38.32.

Polarization by Scattering
When light is incident on any material, the electrons in the material can absorb and 
reradiate part of the light. Such absorption and reradiation of light by electrons in 
the gas molecules that make up air is what causes sunlight reaching an observer on 
the Earth to be partially polarized. You can observe this effect—called scattering—
by looking directly up at the sky through a pair of sunglasses whose lenses are made 
of polarizing material. Less light passes through at certain orientations of the lenses 
than at others.
 Figure 38.33 illustrates how sunlight becomes polarized when it is scattered. The 
phenomenon is similar to that creating completely polarized light upon reflection 
from a surface at Brewster’s angle. An unpolarized beam of sunlight traveling in 
the horizontal direction (parallel to the ground) strikes a molecule of one of the 
gases that make up air, setting the electrons of the molecule into vibration. These 
vibrating charges act like the vibrating charges in an antenna. The horizontal 
component of the electric field vector in the incident wave results in a horizontal 
component of the vibration of the charges, and the vertical component of the vec-
tor results in a vertical component of vibration. If the observer in Figure 38.33 is 
looking straight up (perpendicular to the original direction of propagation of the 
light), the vertical oscillations of the charges send no radiation toward the observer. 
Therefore, the observer sees light that is completely polarized in the horizontal 
direction as indicated by the orange arrows. If the observer looks in other direc-
tions, the light is partially polarized in the horizontal direction.
 Variations in the color of scattered light in the atmosphere can be understood as 
follows. When light of various wavelengths l is incident on gas molecules of diameter 
d, where d ,, l, the relative intensity of the scattered light varies as 1/l4. The condi-
tion d ,, l is satisfied for scattering from oxygen (O2) and nitrogen (N2) molecules 
in the atmosphere, whose diameters are about 0.2 nm. Hence, short wavelengths (vio-
let light) are scattered more efficiently than long wavelengths (red light). Therefore, 
when sunlight is scattered by gas molecules in the air, the short-wavelength radiation 
(violet) is scattered more intensely than the long-wavelength radiation (red).
 When you look up into the sky in a direction that is not toward the Sun, you see 
the scattered light, which is predominantly violet. Your eyes, however, are not very 
sensitive to violet light. Light of the next color in the spectrum, blue, is scattered 
with less intensity than violet, but your eyes are far more sensitive to blue light than 
to violet light. Hence, you see a blue sky. If you look toward the west at sunset (or 
toward the east at sunrise), you are looking in a direction toward the Sun and are 
seeing light that has passed through a large distance of air. Most of the blue light 
has been scattered by the air between you and the Sun. The light that survives this 

Figure 38.32 A plastic model of 
an arch structure under load con-
ditions.  The pattern is produced 
when the plastic model is viewed 
between a polarizer and analyzer 
oriented perpendicular to each 
other. Such patterns are useful 
in the optimal design of architec-
tural components.
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Unpolarized
light Air

molecule

The scattered light traveling 
perpendicular to the incident 
light is plane-polarized because 
the vertical vibrations of the 
charges in the air molecule send 
no light in this direction.

Figure 38.33  The scattering 
of unpolarized sunlight by air 
molecules.

1Figure from Serway & Jewett, 9th ed, page 1180.



Why the Sky is Blue: Rayleigh Scattering
The amount (intensity) of the light scattered by small particles
depends on the wavelength:

I ∝ 1

λ4

shorter wavelength light opalescent glass
is scattered more

1Left, Robert A. Rohde, Wikipedia; right, user optick,
https://www.flickr.com/photos/optick/112909824/



Summary

• interactions between electricity and magnetism

• light and the speed of light

• reflection and refraction

• polarization

Homework Hewitt,

• Ch 24, onward from page 437. Exercises: 21, 37

• Ch 25, onward from page 452. Exercises: 25, 39

• Ch 26, onward from page 484. Exer: 5, 7, 13; Probs: 1, 3, 7

• Ch 27, onward from page 484. Exercises: 1, 31, 33, 35

• Ch 29, onward from page 527. Exercises: 29, 35


