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Last time

• ray optics

• reflection



Overview

• refraction

• dispersion



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

1Image from Wikipedia, by Zátonyi Sándor.



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?



Refraction

Why does this happen?

Recall that Arago proposed to Fizeau and Foucault that they
might measure the speed of light in water as well as air.

That is because the answer to the puzzle was already suspected.

Foucault did the experiment in water (1850), and Fizeau (1851)
went further 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.

However, Fizeau could not explain the magnitude of the speed
change that occurred for light in moving water...



Refraction

Why does this happen?

Recall that Arago proposed to Fizeau and Foucault that they
might measure the speed of light in water as well as air.

That is because the answer to the puzzle was already suspected.

Foucault did the experiment in water (1850), and Fizeau (1851)
went further 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.

However, Fizeau could not explain the magnitude of the speed
change that occurred for light in moving water...



Refraction

Why does this happen?

Recall that Arago proposed to Fizeau and Foucault that they
might measure the speed of light in water as well as air.

That is because the answer to the puzzle was already suspected.

Foucault did the experiment in water (1850), and Fizeau (1851)
went further 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.

However, Fizeau could not explain the magnitude of the speed
change that occurred for light in moving water...



Refraction

Why does this happen?

Recall that Arago proposed to Fizeau and Foucault that they
might measure the speed of light in water as well as air.

That is because the answer to the puzzle was already suspected.

Foucault did the experiment in water (1850), and Fizeau (1851)
went further 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.

However, Fizeau could not explain the magnitude of the speed
change that occurred for light in moving water...



Refractive Index

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

Light interacts with the charges that constitute the medium, 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 medium.

Materials with a higher n are said to be more optically dense.



Refraction

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

1 the frequency cannot change – the source still “updates” the
medium 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

1McGraw-Hill Concise Encyclopedia of Physics. c© 2002 by The
McGraw-Hill Companies, Inc.



Refractive Index

The index of refraction also relates to the ratio of the wavelength
of light at a particular frequency in the medium, λn, to that same
light’s wavelength in a vacuum, λ.

n =
c

v
=

f λ

f λn

so,

n =
λ

λn

If the light passes from one medium with refractive index n1 to
another with index n2:

n1
n2

=
λ2

λ1
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Snell’s Law: Angle relationship in Refraction
How do the refractive indices relate to the angles of incidence and
refraction?

Let h be the hypotenuse of the two triangles.

h =
λ1

sin θ1
=

λ2

sin θ2
1Figure by Richard Fitzpatrick, http://farside.ph.utexas.edu/teaching/



Snell’s Law

λ1

sin θ1
=

λ2

sin θ2

Rearranging,
sin θ2
sin θ1

=
λ2

λ1
=

n1
n2

And rearranging again gives Snell’s Law:

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.

1066 Chapter 35 The Nature of Light and the Principles of Ray Optics

 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
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moves from air into 
glass, the light slows 
down upon entering the 
glass and its path is bent 
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Figure 35.11 The refraction of 
light as it (a) moves from air into 
glass and (b) moves from glass 
into air.
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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.
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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.



Refraction Example, Ch35, #32
A person looking into an empty container is able to see the far
edge of the container’s bottom as shown. The height of the
container is h, and its width is d . When the container is
completely filled with a fluid of index of refraction n and viewed
from the same angle, the person can see the center of a coin at the
middle of the container’s bottom.

1082 Chapter 35 The Nature of Light and the Principles of Ray Optics

 28. A triangular glass prism with apex angle 60.0° has an 
index of refraction of 1.50. (a) Show that if its angle of 
incidence on the first surface is u1 5 48.6°, light will 
pass symmetrically through the prism as shown in Fig-
ure 35.17. (b) Find the angle of deviation dmin for u1 5 
48.6°. (c) What If? Find the angle of deviation if the 
angle of incidence on the first surface is 45.6°. (d) Find 
the angle of deviation if u1 5 51.6°.

 29. Light of wavelength 700 nm is incident on the face of a 
fused quartz prism (n 5 1.458 at 700 nm) at an inci-
dence angle of 75.0°. The apex angle of the prism is 
60.0°. Calculate the angle (a) of refraction at the first 
surface, (b) of incidence at the second surface, (c) of 
refraction at the second surface, and (d) between the 
incident and emerging rays.

 30. Figure P35.30 shows 
a light ray incident on 
a series of slabs hav-
ing different refractive 
indices, where n1 , 
n2 , n3 , n4. Notice 
that the path of the ray 
steadily bends toward 
the normal. If the varia-
tion in n were continu-
ous, the path would 
form a smooth curve. Use this idea and a ray diagram 
to explain why you can see the Sun at sunset after it has 
fallen below the horizon.

 31. Three sheets of plastic have unknown indices of refrac-
tion. Sheet 1 is placed on top of sheet 2, and a laser 
beam is directed onto the sheets from above. The 
laser beam enters sheet 1 and then strikes the inter-
face between sheet 1 and sheet 2 at an angle of 26.5° 
with the normal. The refracted beam in sheet 2 makes 
an angle of 31.7° with the normal. The experiment 
is repeated with sheet 3 on top of sheet 2, and, with 
the same angle of incidence on the sheet 3–sheet 2 
interface, the refracted beam makes an angle of 36.7° 
with the normal. If the experiment is repeated again 
with sheet 1 on top of sheet 3, with that same angle of 
incidence on the sheet 1–sheet 3 interface, what is the 
expected angle of refraction in sheet 3?

 32. A person looking into an empty container is able to see 
the far edge of the container’s bottom as shown in Fig-
ure P35.32a. The height of the container is h, and its 
width is d. When the container is completely filled with 
a fluid of index of refraction n and viewed from the 
same angle, the person can see the center of a coin at 

n1

n2

n3

n4

Figure P35.30

placed a panel of corner-cube retroreflectors on the 
Moon. Analysis of timing data taken with it reveals 
that the radius of the Moon’s orbit is increasing at the 
rate of 3.8 cm/yr as it loses kinetic energy because of 
tidal friction.

 21. The two mirrors illustrated 
in Figure P35.21 meet at a 
right angle. The beam of 
light in the vertical plane 
indicated by the dashed 
lines strikes mirror 1 as 
shown. (a) Determine the 
distance the reflected light 
beam travels before striking 
mirror 2. (b) In what direc-
tion does the light beam 
travel after being reflected 
from mirror 2?

 22. When the light ray illus-
trated in Figure P35.22 passes 
through the glass block of 
index of refraction n 5 1.50, 
it is shifted laterally by the dis-
tance d. (a) Find the value of 
d. (b)  Find the time interval 
required for the light to pass 
through the glass block.

 23. Two light pulses are emitted simultaneously from a 
source. Both pulses travel through the same total 
length of air to a detector, but mirrors shunt one pulse 
along a path that carries it through an extra length of 
6.20 m of ice along the way. Determine the difference 
in the pulses’ times of arrival at the detector.

 24. Light passes from air into flint glass at a nonzero angle 
of incidence. (a) Is it possible for the component of 
its velocity perpendicular to the interface to remain 
constant? Explain your answer. (b) What If? Can the 
component of velocity parallel to the interface remain 
constant during refraction? Explain your answer.

 25. A laser beam with vacuum wavelength 632.8 nm is inci-
dent from air onto a block of Lucite as shown in Figure 
35.10b. The line of sight of the photograph is perpen-
dicular to the plane in which the light moves. Find  
(a) the speed, (b) the frequency, and (c) the wavelength 
of the light in the Lucite. Suggestion: Use a protractor.

 26. A narrow beam of ultrasonic 
waves reflects off the liver tumor 
illustrated in Figure P35.26. 
The speed of the wave is 10.0% 
less in the liver than in the sur-
rounding medium. Determine 
the depth of the tumor.

 27. An opaque cylindrical tank 
with an open top has a diam-
eter of 3.00 m and is completely 
filled with water. When the afternoon Sun reaches an 
angle of 28.0° above the horizon, sunlight ceases to 
illuminate any part of the bottom of the tank. How 
deep is the tank?
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1

40.0!
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Figure P35.21
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d
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a b
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h

Figure P35.32Show that the ratio h/d is given by

h

d
=

√
n2 − 1

4 − n2

For what range of values of n will the center of the coin not be
visible for any values of h and d?



Measuring Refractive Index

Another standard way to measure refractive indices of solids is
using a prism:

1070 Chapter 35 The Nature of Light and the Principles of Ray Optics

1The details of this proof are available in texts on optics.

Substitute for the incident and refracted angles: n 5 
sin aF 1 dmin

2
b

sin 1F/2 2  (35.9)

Apply the wave under refraction model at the left surface 
and solve for n:

11.00 2  sin u1 5 n sin u2   S   n 5
sin u1

sin u2

Combine these three geometric results: u1 5 u2 1 a 5
F

2
1

dmin 
2

5
F 1 dmin

2

!
d

The apex angle ! is the angle 
between the sides of the prism 
through which the light enters 
and leaves.

Figure 35.16  A prism 
refracts a single-wavelength 
light ray through an angle 
of deviation d.

 In Example 35.4, the light passes through a slab of material with parallel sides. 
What happens when light strikes a prism with nonparallel sides as shown in Figure 
35.16? In this case, the outgoing ray does not propagate in the same direction as 
the incoming ray. A ray of single-wavelength light incident on the prism from the 
left emerges at angle d from its original direction of travel. This angle d is called the 
angle of deviation. The apex angle F of the prism, shown in the figure, is defined 
as the angle between the surface at which the light enters the prism and the second 
surface that the light encounters.

Example 35.5   Measuring n Using a Prism 

Although we do not prove it here, the minimum angle of deviation dmin for a 
prism occurs when the angle of incidence u1 is such that the refracted ray inside 
the prism makes the same angle with the normal to the two prism faces1 as shown 
in Figure 35.17. Obtain an expression for the index of refraction of the prism 
material in terms of the minimum angle of deviation and the apex angle F.

Conceptualize  Study Figure 35.17 carefully and be sure you understand why the 
light ray comes out of the prism traveling in a different direction.

Categorize  In this example, light enters a material through one surface and 
leaves the material at another surface. Let’s apply the wave under refraction model 
to the light passing through the prism.

Analyze  Consider the geometry in Figure 35.17, where we have used symmetry to label several angles. The reproduc-
tion of the angle F/2 at the location of the incoming light ray shows that u2 5 F/2. The theorem that an exterior 
angle of any triangle equals the sum of the two opposite interior angles shows that dmin 5 2a. The geometry also shows 
that u1 5 u2 1 a.

AM

S O L U T I O N

2 dmin

a a u1u2

!

u2
u1

2
!

Figure 35.17  (Example 35.5) A 
light ray passing through a prism at 
the minimum angle of deviation dmin.

δ is called the angle of deviation.

1See example 35.5, on page 1070.



Fermat’s Principle

Also called the Principle of Least Time.

Fermat’s Principle

The path a light ray follows between at starting point S and an
end point T is the path between S and T that is travelled in the
least time.

This principle correctly predicts the reflection and refraction
equations.

This also relates to the calculus of variations, another approach to
solving mechanics problems.

1Do questions 84 and 85 in the textbook.



Dispersion

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

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

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



Summary

• refraction

• dispersion

Waves Full Solution Homework due today.

Homework
• WebAssign for Ch35

Serway & Jewett (recommeded):

• Ch 35, onward from page 1077. OQs: 9, 15; CQs: 7, 9, 13;


