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W
hen you shine a b

eam
 of lig

ht on a m
irror, the lig

ht 
d

oesn’t travel throug
h the m

irror, b
ut is returned

 
b

y the m
irror’s surface b

ack into the air. W
hen 

sound
 w

aves strike a canyon w
all, they b

ounce b
ack 

to 
you 

as 
an 

echo. 
W

hen 
a 

w
ave 

transm
itted

 
along

 a sp
ring

 reaches a w
all, it reverses d

irec-
tion. In all these situations, w

aves rem
ain in 

one m
ed

ium
 rather than enter a new

 m
ed

ium
. 

These w
aves are reflected

.
In 

other 
situations, 

such 
as 

w
hen 

lig
ht 

p
asses from

 air into a transp
arent m

ed
ium

 
like w

ater, w
aves travel from

 one m
ed

ium
 into 

another. W
hen w

aves strike the surface of a 
m

ed
ium

 at an ang
le, their d

irection chang
es as 

they enter the second
 m

ed
ium

. These w
aves are 

refracted
. This is evid

ent w
hen a p

encil in a g
lass 

of w
ater ap

p
ears to b

e b
ent.

U
sually 

w
aves 

are 
p

artly 
reflected

 
and

 
p

artly 
refracted

 w
hen they fall on a transp

arent m
ed

ium
. W

hen 
lig

ht shines on w
ater, for exam

p
le, som

e of the lig
ht is 

reflected
 and

 som
e is refracted

. To und
erstand

 this, let’s see 
how

 reflection occurs. 

W
hen waves interact with m

atter, they can be 
reflected, transm

itted, or a com
bination of both. 

W
aves that are transm

itted can be refracted.

9H
ow

 C
an You M

ake an O
b

ject Invisib
le?

1.
O

btain tw
o sm

all heat-resistant beakers, one 
sm

aller than the other.
2.

Place the sm
aller beaker inside the larger 

beaker. 
3.

Pour light vegetable oil or baby oil into 
both beakers until the sm

aller beaker is 
com

pletely subm
erged. 

A
nalyze and

 C
onclud

e
1.

O
bserving W

hat did you observe w
hen the 

oil filled both beakers?
2.

Predicting  D
o you think you w

ould observe 
the sam

e results if the beakers w
ere filled 

w
ith other clear liquids?

3.
M

aking G
eneralizations  W

hat m
akes an 

object visible?

d
isco

ve
r!

TH
E B

IG
ID

EA

..........
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b
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ctiv
e

s
•   D

escrib
e w

h
at h

ap
p

en
s w

h
en

 
a w

ave reach
es a b

o
u

n
d

ary 
b

etw
een

 tw
o

 m
ed

ia. (29.1)

•  D
escrib

e th
e law

 o
f refractio

n
. 

(29.2)

•  D
escrib

e th
e typ

e o
f im

ag
es 

th
at are p

ro
d

u
ced

 b
y p

lan
e 

m
irro

rs. (29.3)

•  D
escrib

e w
h

at h
ap

p
en

s w
h

en
 

lig
h

t is in
cid

en
t o

n
 a ro

u
g

h
 

su
rface. (29.4)

•  D
escrib

e w
h

at h
ap

p
en

s to
 

so
u

n
d

 en
erg

y th
at is n

o
t 

reflected
. (29.5)

•  D
escrib

e w
h

at h
ap

p
en

s w
h

en
 

a w
ave th

at is travelin
g

 at an
 

an
g

le ch
an

g
es its sp

eed
 u

p
o

n
 

cro
ssin

g
 a b

o
u

n
d

ary b
etw

een
 

tw
o

 m
ed

ia. (29.6)

•  D
escrib

e w
h

at cau
ses so

u
n

d
 

w
aves to

 refract. (29.7)

•  D
escrib

e w
h

at cau
ses th

e 
refractio

n
 o

f lig
h

t. (29.8)

•  D
escrib

e w
h

at cau
ses th

e 
ap

p
earan

ce o
f a m

irag
e. (29.9)

•  D
escrib

e w
h

at cau
ses th

e 
d

isp
ersio

n
 o

f lig
h

t. (29.10)

•  D
escrib

e th
e co

n
d

itio
n

s 
n

ecessary fo
r seein

g
 a rain

b
o

w
. 

(29.11)

•  D
escrib

e w
h

at cau
ses to

tal 
in

tern
al reflectio

n
 to

 o
ccu

r. 
(29.12)

A
s a brief treatm

ent of light, 
this chapter can stand on its 
own. In this case, em

phasize the 
behavior rather than the nature 
of light.
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29.1 R
eflection

W
hen a w

ave reaches a boundary betw
een tw

o m
edia, usually 

som
e or all of the w

ave bounces back into the first m
edium

. T
he 

return of a w
ave back into its original m

edium
 is called  reflection. 

Suppose you fasten a spring to a w
all and send a pulse along the 

spring’s length, as illustrated in Figure 29.1. T
he w

all is a very rigid 
m

edium
 com

pared w
ith the spring. A

s a result, all the w
ave energy is 

reflected back along the spring rather than transm
itted into the w

all. 
W

aves that travel along the spring are alm
ost totally reflected at the w

all.
If the w

all is replaced w
ith a less rigid m

edium
, such as the heavy 

spring show
n in Figure 29.2, som

e energy is transm
itted into the new

 
m

edium
. Som

e of the w
ave energy is still reflected. T

he incom
ing 

w
ave is partially reflected.

A
 m

etal surface is rigid to light w
aves that shine upon it. Light 

energy does not propagate into the m
etal, but instead is returned in 

a reflected w
ave. T

he w
ave reflected from

 a m
etal surface has alm

ost 
the full intensity of the incom

ing w
ave, apart from

 sm
all energy 

losses due to the friction of the vibrating electrons in the surface. 
T

his is w
hy m

etals such as silver and alum
inum

 are so shiny. T
hey 

reflect alm
ost all the frequencies of visible light. 

O
ther m

aterials such as glass and w
ater are not as rigid to light 

w
aves. W

hen light shines perpendicularly on the surface of still w
ater, 

about 2%
 of its energy is reflected and the rest is transm

itted. W
hen 

light strikes glass perpendicularly, about 4%
 of its energy is reflected. 

Except for slight losses, the rest is transm
itted.

CO
N

CEP
T

CH
ECK

......W
hat hap

p
ens w

hen a w
ave reaches a b

ound
ary 

b
etw

een tw
o m

ed
ia?

C
H

A
PTER 29 
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!
 FIG

U
RE 29.1

A
 w

ave is totally reflected 
w

hen it reaches a com
-

pletely rigid boundary.

!
 FIG

U
RE 29.2

W
hen the w

ave reaches 
the heavy spring, it is 
partially reflected and 
partially transm

itted.
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Visit:
W

eb Code:
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Links on reflection
 

w
w
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29.1  Reflection
K

e
y

 Te
rm

reflectio
n

"
 Teach

in
g

 Tip
 Exp

lain
 

th
at w

aves fo
llo

w
 th

e law
s o

f 
co

n
servatio

n
 o

f m
o

m
en

tu
m

 an
d

 
o

f en
erg

y.

d
isco

ver!
M

A
TE

R
IA

LS tw
o

 h
eat-resistan

t 
b

eakers, lig
h

t veg
etab

le o
il o

r 
b

ab
y o

il.

A
N

A
LY

Z
E A

N
D C

O
N

C
LU

D
E

 W
h

en
 th

e o
il filled

 b
o

th
 

b
eakers, th

e sm
aller b

eaker 
b

ecam
e in

visib
le.

 O
n

ly if th
e in

d
ex o

f 
refractio

n
 o

f th
e liq

u
id

 
m

atch
ed

 th
at o

f g
lass

 In
 th

is case, th
e o

p
tical 

d
isco

n
tin

u
ity at th

e 
b

o
u

n
d

ary o
f th

e tw
o

 
m

aterials m
akes a clear 

o
b

ject visib
le.

1.2.3.Dem
onstrations of reflection 

are im
portant. Point out 

the changes in speed of the 
transm

itted waves.

 
W

h
en

 a w
ave reach

es 
a b

o
u

n
d

ary b
etw

een
 

tw
o

 m
ed

ia, u
su

ally so
m

e o
r all o

f 
th

e w
ave b

o
u

n
ces b

ack in
to

 th
e 

first m
ed

iu
m

.

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s

•    Reading and Study 
W

orkbook
•    Transparency 68
•    Presentation

EX
PR

ESS
•    Interactive Textbook
•    Conceptual Physics A

live!
D

V
D

s R
eflectio

n
 an

d
 

R
efractio

n

CO
N

CEP
T

CH
EC

K
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CO
N

CEP
T

CH
EC

K
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29.2 The Law
 of R

eflection
In one dim

ension, reflected w
aves travel back in the direction from

 
w

hich they cam
e. Let a ball drop to the floor, and it bounces straight 

up along its initial path. In tw
o dim

ensions, the situation is a little 
different. A

 pool ball hitting the side of a pool table at an angle bounces 
back at the sam

e angle in a new
 direction. Likew

ise w
ith light.

T
he direction of incident and reflected w

aves is best described 
by straight-line rays. Incident rays and reflected rays m

ake equal 
angles w

ith a line perpendicular to the surface, called the  norm
al, 

as show
n in Figure 29.3. T

he angle betw
een the incident ray and the 

norm
al, called the  angle of incidence,  is equal to the angle betw

een 
the reflected ray and the norm

al, called the  angle of reflection. 

angle of incidence !
 angle of reflection

T
he

 law
 of reflection  describes the relationship betw

een the angle 
of incidence and angle of reflection. 

T
he law

 of reflection states 
that the angle of incidence and the angle of reflection are equal to 
each other. T

he incident ray, the norm
al, and the reflected ray all 

lie in the sam
e plane. T

he law
 of reflection applies to both partially 

reflected and totally reflected w
aves.

CO
N

CEP
T

CH
ECK

......W
hat is the law

 of reflection?

29.3 M
irrors

C
onsider a candle flam

e placed in front of a plane (flat) m
irror. R

ays 
of light leaving the candle are reflected from

 the m
irror surface in all 

directions. T
he num

ber of rays is infinite, and every one obeys the law
 

of reflection. Figure 29.4 show
s only tw

o rays that originate at the tip 
of the candle flam

e and reflect from
 the m

irror to your eye. N
ote that 

the rays diverge (spread apart) from
 the tip of the flam

e, and continue 
diverging from

 the m
irror upon reflection. T

hese divergent rays appear
to originate from

 a point located behind the m
irror. 

th
in

k
!

FIG
U

RE 29.3 !
In reflection, the angle 
betw

een the incident ray and 
the norm

al is equal to the 
angle betw

een the reflected 
ray and the norm

al.

FIG
U

RE 29.4 "
A

 virtual im
age is form

ed 
behind the plane m

irror and 
is located at the position 
w

here the extended reflected 
rays (broken lines) converge.

If you look at your blue 
shirt in a m

irror, w
hat is 

the color of its im
age? 

W
hat does this tell you 

about the frequency of 
light incident upon a m

ir-
ror com

pared w
ith the 

frequency of the light after 
it is reflected?
Answ

er: 29.2
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29.2  The Law
 of 

Reflection
K

e
y

 Te
rm

s
n

o
rm

al, an
g

le o
f in

cid
en

ce, 
an

g
le o

f reflectio
n

, 
law

 o
f reflectio

n
!

 Teach
in

g
 Tip

 In
tro

d
u

ce 
th

e law
 o

f reflectio
n

 b
y g

ivin
g

 
exam

p
les su

ch
 as a b

illiard
 b

all 
(w

ith
 n

o
 sp

in
) b

o
u

n
cin

g
 o

ff th
e 

cu
sh

io
n

 o
f a b

illiard
 tab

le at an
 

an
g

le an
d

 a b
all b

o
u

n
cin

g
 o

n
 

th
e g

ro
u

n
d

 o
r o

ff a w
all. In

 each
 

case, th
e an

g
le o

f reflectio
n

 
eq

u
als th

e an
g

le o
f in

cid
en

ce.
!

 Teach
in

g
 Tip

 Stress th
at th

e 
an

g
les m

en
tio

n
ed

 are th
e an

g
les 

b
etw

een
 th

e ray an
d

 th
e lin

e th
at 

is p
erp

en
d

icu
lar to

 th
e su

rface, 
i.e., th

e n
o

rm
al.

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s

•    Reading and Study 
W

orkbook
•    Presentation

EX
PR

ESS
•    Interactive Textbook

29.3  M
irrors

K
e

y
 Te

rm
virtual im

age

!
 Teach

in
g

 Tip
 D

iscu
ss h

o
w

 a 
p

an
e o

f g
lass b

o
th

 tran
sm

its an
d

 
reflects lig

h
t. R

eflectio
n

 is m
o

re 
n

o
ticeab

le w
h

en
 it is d

ark o
n

 
th

e o
th

er sid
e o

f th
e g

lass, an
d

 
less n

o
ticeab

le w
h

en
 it’s lig

h
t o

n
 

th
e o

th
er sid

e. Stress th
at th

e 
p

ercen
tag

e o
f lig

h
t reflected

 
(ab

o
u

t 4%
) is th

e sam
e in

 b
o

th
 

cases, b
u

t in
 th

e first case th
e 4%

 
is m

o
re n

o
ticeab

le.

 
The law

 of reflection
 

states that the angle 
of incidence and the angle of 
reflection are equal to each other.

C
O

N
C
EP

T
CH

ECK
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C
O

N
C
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T
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ECK

......

0578_cp09te_ch29.indd   580
0578_cp09te_ch29.indd   580

1/31/08   12:40:12 P
M

1/31/08   12:40:12 P
M



11/29/07
11:41:15

A
M

C
H

A
PTER 29 

REFLEC
TIO

N
 A

N
D

 REFRA
C

TIO
N

  581

Your experience is that light travels in straight lines. T
herefore, 

you perceive the candle flam
e to be located behind the m

irror. A
 

 virtual im
age  is an im

age that appears to be in a location w
here light 

does not really reach. 
P

lane m
irrors produce only virtual im

ages.
Your eye cannot ordinarily tell the difference betw

een an object 
and its virtual im

age because the light that enters your eye is entering 
in exactly the sam

e m
anner as it w

ould w
ithout the m

irror if there 
really w

ere an object w
here you see the im

age. N
otice that the im

age 
is as far behind the m

irror as the object is in front of the m
irror, and 

the im
age and object are the sam

e size. A
s illustrated in Figure 29.5, 

w
hen you view

 yourself in a m
irror, your im

age is the sam
e size your 

identical tw
in w

ould appear if located as far behind the m
irror as you 

are in front—
as long as the m

irror is flat.
N

ote in Figure 29.6a that M
ajorie and her im

age have the sam
e 

color of clothing—
evidence that the light doesn’t change frequency 

upon reflection. Interestingly, her left-right axis is no m
ore reversed 

than her up-dow
n axis. T

he axis that is reversed, as show
n in Figure 

29.6b is front-back. T
hat’s w

hy it seem
s her left hand faces the right 

hand of her im
age.

W
here Is Your M

irror Im
ag

e?
1.

Look at your face in a m
irror.

2.
N

ow
 look at som

ething on the surface of the m
irror, such as 

a dust speck.
3.

D
o you have to adjust your eyes to refocus from

 looking at 
your im

age to looking at the dust on the m
irror surface?

4.
Think Is your im

age farther aw
ay than the m

irror surface?

d
isco

ve
r!

FIG
U

RE 29.5 !
 

For reflection in a plane m
ir-

ror, object size equals im
age 

size and object distance 
equals im

age distance.

"
 FIG

U
RE 29.6

a. M
arjorie’s im

age is 
as far behind the m

irror 
as she is in front. b. H

er 
front-back axis is the only 
axis that is reversed.

a 
b
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d
isco

ver!
M

A
TE

R
IA

LS p
lan

e m
irro

r

E
X

P
E

C
TE

D O
U

TC
O

M
E Stu

d
en

ts 
w

ill n
o

tice th
at th

ey m
u

st 
ad

ju
st th

eir eyes as th
ey lo

o
k 

fro
m

 th
eir im

ag
es to

 th
e 

m
irro

r’s su
rface.

TH
IN

K Y
es, yo

u
r im

ag
e is 

fo
rm

ed
 so

m
e d

istan
ce b

eh
in

d
 

th
e m

irro
r.

#
 Teach

in
g

 Tip
 U

se a ray 
d

iag
ram

 to
 sh

o
w

 th
at th

e im
ag

e 
fo

rm
ed

 b
y a p

lan
e m

irro
r is as far 

b
eh

in
d

 th
e m

irro
r as th

e o
b

ject is 
in

 fro
n

t.

 A
sk  W

hy w
ill a cam

era w
ith 

autom
atic focus give poor results 

if you take a picture of yourself 
in a m

irror? Th
e so

n
ar o

r in
frared

 
b

eam
 w

ill reflect fro
m

 th
e 

su
rface o

f th
e m

irro
r an

d
 so

 th
e 

cam
era w

ill fo
cu

s o
n

 th
e m

irro
r 

su
rface. Sin

ce yo
u

r im
ag

e in
 th

e 
m

irro
r is farth

er aw
ay th

an
 th

e 
m

irro
r, th

e p
h

o
to

g
rap

h
 w

ill sh
o

w
 

a p
o

o
rly fo

cu
sed

 im
ag

e.

If students are careful they 
will learn som

ething about their 
im

age in a m
irror that all their 

lives has likely escaped their 
notice: The size of the m

irror 
needed to see their full height 
is independent of their distance 
from

 it.

Interesting thought: Because of 
the finite speed of light, your 
im

age in the m
irror is always 

younger than you. 
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T
he law

 of reflection still holds for curved m
irrors, as illustrated 

in Figure 29.7. H
ow

ever, w
hen the m

irror is curved, the sizes and 
distances of object and im

age are no longer equal. T
he virtual im

age 
form

ed by a convex m
irror (a m

irror that curves outw
ard) is sm

aller 
and closer to the m

irror than the object is. W
hen the object is close to 

a
concave m

irror (a m
irror that curves inw

ard like a “cave”), the vir-
tual im

age can be larger and m
ore distant than the object.

CO
N

CEP
T

CH
ECK

......W
hat kind

 of im
ag

es d
o m

irrors p
rod

uce?

29.4 D
iffuse R

eflection
W

hen light is incident on a rough surface, it is reflected in m
any 

directions. D
iffuse reflection,  as show

n in Figure 29.8, is the reflec-
tion of light from

 a rough surface. A
lthough each ray obeys the law

 of 
reflection, the m

any different angles that incident light rays encoun-
ter at the surface cause reflection in m

any directions.

W
hat constitutes a rough surface for som

e rays m
ay be a pol-

ished surface for others. If the differences in elevations in a surface 
are sm

all (less than about one-eighth the w
avelength of the light that 

falls on it), the surface is considered polished. A
 surface m

ay be pol-
ished for long w

avelengths, but not polished for short w
avelengths. 

W
hether a surface is a diffuse reflector or a polished reflector depends 

on the w
avelength of the w

aves it reflects.

FIG
U

RE 29.7 !
The law

 of reflection 
holds for curved m

irrors. 
a. The im

age form
ed 

by a convex m
irror is 

sm
aller than the object. 

b. W
hen the object is 

close to a concave 
m

irror, the im
age can be 

larger than the object.

FIG
U

RE 29.8 !
D

iffuse reflection occurs 
w

hen light is incident 
on a rough surface.

a
b

For:
Visit:
W

eb Code:
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 Teach

in
g

 Tip
 A

s yo
u

 d
iscu

ss 
Fig

u
re 29.7, p

o
in

t o
u

t th
at th

e 
law

 o
f reflectio

n
 alo

n
g

 every 
facet o

f a cu
rved

 su
rface is 

th
e sam

e as fo
r a flat su

rface. 
A

 sin
g

le ray o
f lig

h
t d

o
es n

o
t 

d
istin

g
u

ish
 b

etw
een

 a larg
e area 

an
d

 th
e tin

y p
art w

ith
 w

h
ich

 it 
in

teracts, ju
st as Earth

 ap
p

ears 
flat to

 a sin
g

le o
b

server o
n

 its 
su

rface.

29.4  D
iffuse 

Reflection
K

e
y

 Te
rm

diffuse reflection

!
 Teach

in
g

 Tip
 In

tro
d

u
ce 

d
iffu

se reflectio
n

 b
y d

escrib
in

g
 

th
e ap

p
earan

ce o
f a h

ig
h

ly 
w

axed
 flo

o
r an

d
 th

e ap
p

earan
ce 

o
f th

e sam
e flo

o
r w

h
en

 th
e w

ax 
h

as w
o

rn
 o

ff.

!
 Teach

in
g

 Tip
 U

sin
g

 a ray 
d

iag
ram

, sh
o

w
 th

at reflectio
n

 
fro

m
 a ro

u
g

h
 su

rface is d
iffu

se. 
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in
g

 Tip
 Exp

lain
 th

at 
w

e see m
o

st o
f o

u
r en

viro
n

m
en

t 
b

ecau
se o

f d
iffu

se reflectio
n

.
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Light that reflects from
 this page is diffuse. T

he page m
ay be 

sm
ooth to a long radio w

ave, but to the short w
avelengths of visible 

light, it is rough. R
ays of light incident on this page encounter m

il-
lions of tiny flat surfaces facing in all directions, so they are reflected 
in all directions, as illustrated in Figure 29.9. A

 m
icroscopic view

 of 
an ordinary paper surface is show

n in Figure 29.10. D
iffuse reflec-

tion allow
s us to read the page from

 any direction or position. W
e see 

m
ost of the things around us by diffuse reflection.

CO
N

CEP
T

CH
ECK

......W
hat hap

p
ens w

hen lig
ht is incid

ent on a 
roug

h surface?

29.5 R
eflection of Sound

A
n echo is reflected sound. T

he fraction of sound energy reflected 
from

 a surface is m
ore w

hen the surface is rigid and sm
ooth, and less 

w
hen the surface is soft and irregular. 

Sound energy that is not 
reflected is absorbed or transm

itted.
Sound reflects from

 all surfaces—
the w

alls, ceiling, floor, fur-
niture, and people—

of a room
. People w

ho design the interiors of 
buildings, w

hether office buildings, factories, or auditorium
s, need to 

understand the reflective properties of surfaces. T
he study of sound is 

called
acoustics.

W
hen the w

alls of a room
, auditorium

, or concert hall are too 
reflective, the sound becom

es garbled. T
his is due to m

ultiple reflec-
tions of sound w

aves called  reverberations.  B
ut w

hen the reflec-
tive surfaces are m

ore absorbent, the sound level is low
er, and the 

hall sounds dull and lifeless. R
eflection of sound in a room

 m
akes it 

sound lively and full, as you have probably found out w
hile singing in 

the show
er. In the design of an auditorium

 or concert hall, a balance 
betw

een reverberation and absorption is desired.

FIG
U

RE 29.10 !
O

rdinary paper, like this 
textbook page, has a 
rough surface that can 
be view

ed w
ith a 

m
icroscope.

FIG
U

RE 29.9 !
D

iffuse reflection allow
s us to see m

ost things 
around us. a. Light is diffusely reflected from

 paper 
in m

any directions. b. Light incident on a sm
ooth 

m
irror is only reflected in one direction.
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in
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 Tip
 A

sk yo
u

r 
stu

d
en

ts if th
ey h

ave ever n
o

ticed
 

th
at it is d

ifficu
lt to

 see th
e ro

ad
 

ah
ead

 w
h

ile d
rivin

g
 in

 a car o
n

 a 
rain

y n
ig

h
t. W

h
en

 th
e ro

ad
 is d

ry, 
it is ro

u
g

h
, an

d
 lig

h
t fro

m
 th

e 
car h

ead
lig

h
ts is d

iffu
sed

—
so

m
e 

o
f it retu

rn
s to

 th
e d

river. B
u

t 
o

n
 a rain

y n
ig

h
t, th

e ro
ad

 h
as 

w
ater o

n
 th

e su
rface th

at acts as 
a m

irro
r. Th

e lig
h

t is n
o

t d
iffu

sely 
reflected

 b
ack to

 th
e d

river, b
u

t is 
reflected

 ah
ead

 b
y th

e m
irro

r-like 
su

rface. Th
is h

as d
isad

van
tag

es 
to

 b
o

th
 ap

p
ro

ach
in

g
 d

rivers, an
d

 
to

 yo
u

rself. In
stead

 o
f th

e lig
h

t 
fro

m
 h

ead
lig

h
ts b

ein
g

 d
iffu

sed
 

in
 m

an
y d

irectio
n

s, it is reflected
 

in
to

 th
e eyes o

f o
n

co
m

in
g

 
m

o
to

rists.

 A
sk  W

ould your book be 
easier to read if the pages w

ere 
shinier? W

hy or w
hy not? N

o
; 

th
ere w

o
u

ld
 b

e m
o

re g
lare an

d
 

less d
iffu

sely reflected
 lig

h
t.

29.5  Reflection of 
Sound

K
e

y
 Te

rm
reverb

eratio
n

"
 Teach

in
g

 Tip
 Explain that 

the law
 of reflection also applies 

to sound. D
iscuss echoes, and

 
the effects of m

ultiple echoes—
reverberations.

 
W

hen light is incident 
on a rough surface, it 

is reflected in m
any directions.

T
e

a
c

h
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g
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e
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o
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r
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e
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T
he w

alls of concert halls are often designed w
ith grooves so that 

the sound w
aves are diffused. T

his is illustrated in Figure 29.11a. In 
this w

ay a person in the audience receives a sm
all am

ount of reflected 
sound from

 m
any parts of the w

all, rather than a larger am
ount of 

sound from
 one part of the w

all.
H

ighly reflective surfaces are often placed behind and above the 
stage to direct sound out to an audience. T

he large shiny plastic plates 
in Figure 29.12 also reflect light. A

 listener can look up at these reflec-
tors and see the reflected im

ages of the m
em

bers of the orchestra. 
(T

he plastic reflectors are som
ew

hat curved, w
hich increases the field 

of view
.) B

oth sound and light obey the sam
e law

 of reflection, so if 
a reflector is oriented so that you can see a particular m

usical instru-
m

ent, rest assured that you w
ill hear it also. Sound from

 the instru-
m

ent w
ill follow

 the line of sight to the reflector and then to you.

CO
N

CEP
T

CH
ECK

......W
hat hap

p
ens to sound

 energ
y that is not reflected

?

29.6 R
efraction

Suppose you take a rear axle w
ith its w

heels attached off an old toy 
cart and let it roll along a pavem

ent that slopes gently dow
nw

ard 
and onto a dow

nw
ard-sloping m

ow
ed law

n. It rolls m
ore slow

ly on 
the law

n because of the interaction of the w
heels w

ith the blades of 
grass. If you roll it at an angle, as show

n in Figure 29.13, it w
ill be 

deflected from
 its straight-line course. T

he direction of the axle and 
rolling w

heels is show
n in the illustration. N

ote that the w
heel that 

first m
eets the law

n slow
s dow

n first—
because it interacts w

ith the 
grass w

hile the opposite w
heel is still rolling on the pavem

ent. T
he 

axle pivots, and the path bends tow
ard the norm

al (the thin dashed 
line perpendicular to the grass-pavem

ent boundary). T
he axle then 

continues across the law
n in a straight line at reduced speed.

FIG
U

RE 29.11 !
The w

alls of a concert hall 
are carefully designed.
a. W

ith grooved w
alls, 

sound reflects from
 

m
any sm

all sections of 
the w

all to a listener.
b. W

ith flat w
alls, an 

intense reflected sound 
com

es from
 only one 

part of the w
all.

"
 FIG

U
RE 29.12

The shiny plates above 
the orchestra in D

avies 
Sym

phony H
all in San 

Francisco reflect both 
light and sound. 

For:
Visit:
W

eb Code:
 –

Links on refraction
 

w
w

w.SciLinks.org
 

 
csn 

2906

0578_C
P

09_S
E

_C
H

29.indd
584

11/29/07
11:41:21

A
M

0578_C
P

09_S
E

_C
H

29.indd
585

5
8

4  A
sk  W

hy does your voice 
sound fuller w

hen you sing in 
the show

er? Each
 n

o
te lasts 

slig
h

tly lo
n

g
er as yo

u
r vo

ice 
reverb

erates b
etw

een
 th

e w
alls.

#
 Teach

in
g

 Tip
 W

alls th
at 

reflect so
u

n
d

 d
iffu

sely are 
p

referred
 in

 co
n

cert h
alls. Po

in
t 

o
u

t th
e in

terestin
g

 in
terp

lay 
b

etw
een

 so
u

n
d

 an
d

 lig
h

t o
n

 th
e 

p
lates sh

o
w

n
 in

 Fig
u

re 29.12. 
Sin

ce b
o

th
 lig

h
t an

d
 so

u
n

d
 o

b
ey 

th
e sam

e law
 o

f reflectio
n

, w
h

ere 
lig

h
t is seen

 is w
h

ere so
u

n
d

 is 
h

eard
.

29.6 Refraction
K

e
y

 Te
rm

s
refractio

n
, w

ave fro
n

t

C
o

m
m

o
n

 M
isco

n
cep

tio
n

Both sound and light travel only in 
straight lines.

 FA
C

T B
o

th
 lig

h
t an

d
 so

u
n

d
 

w
aves ch

an
g

e d
irectio

n
 w

h
en

 
th

ey en
ter n

ew
 m

ed
ia at an

g
les 

g
reater th

an
 0°.

#
 Teach

in
g

 Tip
 Em

p
h

asize 
th

at th
e refractio

n
 o

f an
y w

ave 
d

ep
en

d
s o

n
 it ch

an
g

in
g

 its sp
eed

.

 
Sound energy that is 
not reflected is 

absorbed or transm
itted.
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a
b

W
hen a w

ave that is traveling at an angle changes its speed 
upon crossing a boundary betw

een tw
o m

edia, it bends. W
ater 

w
aves bend, or refract, w

hen one part of each w
ave is m

ade to travel 
slow

er (or faster) than another part.  R
efraction  is the bending of a 

w
ave as it crosses the boundary betw

een tw
o m

edia at an angle. W
ater 

w
aves travel faster in deep w

ater than in shallow
 w

ater. Figure 29.14a 
show

s a view
 from

 above of straight w
ave crests (the bright lines) 

m
oving tow

ard the right edge of the photo. T
hey are m

oving from
 

deep w
ater across a diagonal boundary into shallow

 w
ater. A

t the 
boundary, the w

ave speed and direction of travel are abruptly altered. 
Since the w

ave m
oves m

ore slow
ly in shallow

 w
ater, the crests are 

closer together. If you look carefully, you’ll see som
e reflection from

 
the boundary.

In draw
ing a diagram

 of a w
ave, it is convenient to draw

 lines, 
called

 w
ave fronts, 29.6 that represent the positions of different crests.  

A
t each point along a w

ave front, the w
ave is m

oving perpendicular 
to the w

ave front. T
he direction of m

otion of the w
ave can thus be 

represented by rays that are perpendicular to the w
ave fronts. T

he ray 
in Figure 29.14b show

s how
 the w

ater w
ave changes direction after it 

crosses the boundary betw
een deep and shallow

 w
ater. Som

etim
es w

e 
analyze w

aves in term
s of w

ave fronts, and at other tim
es in term

s of 
rays. B

oth are useful m
odels for understanding w

ave behavior.

CO
N

CEP
T

CH
ECK

......W
hat causes a w

ave to b
end

?

FIG
U

RE 29.13 !
The direction of the rolling 
w

heels changes w
hen one 

w
heel slow

s dow
n before 

the other one.

A
lthough w

ave speed 
and w

avelength change 
w

hen undergoing 
refraction, frequency 
rem

ains unchanged.

FIG
U

RE 29.14 !
W

ater w
aves travel faster in deep w

ater than in 
shallow

 w
ater. a. The w

ave refracts at the bound-
ary w

here the depth changes. b. The sam
ple ray is 

perpendicular to the w
ave front it intersects.
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ss 
Fig

u
re 29.14, sketch

 th
e lin

es 
th

at are p
erp

en
d

icu
lar to

 th
e 

w
ave fro

n
t b

efo
re an

d
 after th

e 
w

ave en
ters th

e n
ew

 m
ed

iu
m

. 
Th

en
 ad

d
 th

e n
o

rm
al to

 th
e 

b
o

u
n

d
ary an

d
 sh

o
w

 th
e ch

an
g

e 
in

 d
irectio

n
.

 
W

h
en

 a w
ave th

at is 
travelin

g
 at an

 an
g

le 
ch

an
g

es its sp
eed

 u
p

o
n

 cro
ssin

g
 a 

b
o

u
n

d
ary b

etw
een

 tw
o

 m
ed

ia, it 
b

en
d

s.
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29.7 R
efraction of Sound

Sound w
aves are refracted w

hen parts of a w
ave front travel at 

different speeds. T
his happens in uneven w

inds or w
hen sound is 

traveling through air of uneven tem
perature. O

n a w
arm

 day the 
air near the ground m

ay be appreciably w
arm

er than the air above. 
Since sound travels faster in w

arm
er air, the speed of sound near 

the ground is increased. T
he refraction is not abrupt but gradual, as 

show
n in Figure 29.15. Sound w

aves therefore tend to bend aw
ay from

 
w

arm
 ground, m

aking it appear that the sound does not carry w
ell.

O
n a cold day or at night, w

hen the layer of air near the ground 
is colder than the air above, the speed of sound near the ground is 
reduced. A

s illustrated in Figure 29.16, the higher speed of the w
ave 

fronts above cause a bending of the sound tow
ard Earth. W

hen this 
happens, sound can be heard over considerably longer distances.

CO
N

CEP
T

CH
ECK

......W
hat causes sound

 w
aves to refract?

FIG
U

RE 29.15 !
The w

ave fronts of sound 
are bent in air of uneven 
tem

perature.

Suppose you are dow
n-

w
ind from

 a factory w
his-

tle. In w
hich case w

ill the 
w

histle sound louder—
if 

the w
ind speed near 

the ground is m
ore than 

the w
ind speed several 

m
eters above the ground, 

or if it is less?
Answ

er: 29.7

FIG
U

RE 29.16 "
A

t night, w
hen the air is cooler over the surface of the 

lake, sound is refracted tow
ard the ground and carries 

unusually w
ell.
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29.7  Refraction of 
Sound

!
 Teach

in
g

 Tip
 N

ote the 
sound of a bugle being refracted

 
both upw

ard and dow
nw

ard
 

in Figure 29.15. The reason for 
refraction is the change in speed

 
through different air densities. 
D

ifferent w
ind speeds can also

 
cause sound refraction. The upper 
illustration could represent faster 
ground w

inds, and the low
er 

illustration faster upper w
inds. 

Listing all variables helps.

!
 Teach

in
g

 Tip
 D

iscu
ss th

e 
u

sefu
l ap

p
licatio

n
 o

f so
u

n
d

 
refractio

n
 in

 m
ed

icin
e u

ltra-
so

u
n

d
 im

ag
in

g
, an

d
 h

o
w

 it can
 

rep
lace th

e u
se o

f X
-rays in

 
exam

in
in

g
 in

tern
al o

rg
an

s. Th
is 

tech
n

iq
u

e is u
sefu

l in
 exam

in
in

g
 

u
n

b
o

rn
 ch

ild
ren

 in
 p

reg
n

an
t 

w
o

m
en

 an
d

 is relatively free o
f 

d
an

g
ero

u
s sid

e effects.

!
 Teach

in
g

 Tip
 So

u
n

d
 

refractio
n

 m
akes d

etectin
g

 
su

b
m

arin
es w

ith
 so

n
ar very 

d
ifficu

lt. Th
erm

al g
rad

ien
ts in

 
th

e o
cean

 an
d

 th
e resu

ltin
g

 
refractio

n
s o

f so
n

ar w
aves 

leaves g
ap

s o
r “b

lin
d

 sp
o

ts” 
in

 th
e w

ater, w
h

ich
 are u

sed
 

to
 ad

van
tag

e b
y su

b
m

arin
es. 

O
th

erw
ise, su

b
m

arin
es w

o
u

ld
 

easily b
e d

etected
 b

y so
n

ar.

 A
sk  W

hat is the key factor 
for refraction (of any kind of 
w

ave)? A
 ch

an
g

e in
 w

ave sp
eed

 
So

u
n

d
 w

aves are 
refracted

 w
h

en
 p

arts 
o

f a w
ave fro

n
t travel at d

ifferen
t 

sp
eed

s.
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29.8 R
efraction of Light

Ponds or sw
im

m
ing pools appear shallow

er than they actually are. 
A

 pencil in a glass of w
ater appears bent, the air above a hot stove 

seem
s to shim

m
er, and stars tw

inkle. T
hese effects are due to the 

refraction of light. 
C

hanges in the speed of light as it passes from
 

one m
edium

 to another, or variations in the tem
peratures and den-

sities of the sam
e m

edium
, cause refraction

. T
he directions of the

light rays change because of refraction. 29.8

Figure 29.17 show
s rays and w

ave fronts of light refracted as 
they pass from

 air into w
ater. (T

he w
ave fronts w

ould be curved if 
the source of light w

ere close, just as the w
ave fronts of w

ater w
aves 

near a stone throw
n into the w

ater are curved. If w
e assum

e that the 
source of light is the sun, then it is so far aw

ay that the w
ave fronts 

are practically straight lines.) N
ote that the left portions of the w

ave 
fronts are the first to slow

 dow
n w

hen they enter the w
ater (or right 

portion if you look along the direction of travel). T
he refracted ray of 

light, w
hich is at right angles to the refracted w

ave fronts, is closer to 
the norm

al than is the incident ray.
C

om
pare the refraction in this case to the bending of the axle’s 

path in Figure 29.13. W
hen light rays enter a m

edium
 in w

hich their 
speed decreases, as w

hen passing from
 air into w

ater, the rays bend 
tow

ard the norm
al. B

ut w
hen light rays enter a m

edium
 in w

hich 
their speed increases, as w

hen passing from
 w

ater into air, the rays 
bend aw

ay from
 the norm

al.
Figure 29.18 show

s a laser beam
 entering a container of w

ater at 
the left and exiting at the right. T

he path w
ould be the sam

e if the 
light entered from

 the right and exited at the left. T
he light paths are 

reversible for both reflection and refraction. If you can see som
ebody 

by w
ay of a reflective or refractive device, such as a m

irror or a prism
, 

then that person can see you (or your eyes) by looking through the 
device also.

FIG
U

RE 29.17 !
A

s a light w
ave passes from

 
air into w

ater, its speed 
decreases.

"
 FIG

U
RE 29.18

The laser beam
 bends 

tow
ard the norm

al w
hen it 

enters the w
ater, and aw

ay 
from

 the norm
al w

hen it 
leaves.

A
 light ray is alw

ays at 
right angles to its w

ave 
front.
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29.8  Refraction of 
Light

#
 Teach

in
g

 Tip
 R

efer b
ack to

 
Fig

u
re 27.7 o

n
 p

ag
e 538. Stress 

th
at d

ifferen
t freq

u
en

cies o
f 

lig
h

t travel at d
ifferen

t sp
eed

s 
in

 a tran
sp

aren
t m

aterial—
red

 
slo

w
est, an

d
 b

lu
e an

d
 vio

let 
fastest.

#
 Teach

in
g

 Tip
 Stu

d
en

ts m
ig

h
t 

b
e in

terested
 to

 see h
o

w
 lig

h
t 

b
eh

aves in
 m

irro
rs th

at are 
silvered

 o
n

 th
e b

ack: Lig
h

t first 
refracts as it en

ters th
e g

lass an
d

 
th

en
 reflects o

ff th
e b

ack su
rface. 

A
s it leaves th

e g
lass, it refracts 

ag
ain

.
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A
s Figure 29.19a show

s, a thick pane of glass appears to be only 
tw

o-thirds its real thickness w
hen view

ed straight on. (For clarity, the 
diam

eter of the eye pupil is m
ade larger than true scale.) Sim

ilarly, 
w

ater in a pond or pool appears to be only three-quarters its true 
depth. In Figure 29.19b, the fish in the w

ater appears to be nearer to 
the surface than it really is. It also seem

s closer. A
nother illusion is 

show
n in Figure 29.19c. Light from

 the root beer is refracted through 
the sides of the thick glass, m

aking the glass appear thinner than it is. 
T

he eye, accustom
ed to perceiving light traveling along straight lines, 

perceives the root beer to be at the outer edge of the glass, along the 
broken lines. T

hese effects are due to the refraction of light w
henever 

it crosses a boundary betw
een air and another transparent m

edium
.

CO
N

CEP
T

CH
ECK

......W
hat causes the refraction of lig

ht?

29.9 A
tm

ospheric R
efraction

A
lthough the speed of light in air is only 0.03%

 less than its speed in a 
vacuum

, in som
e situations atm

ospheric refraction is quite noticeable. 
O

ne interesting exam
ple is the appearance of a distorted im

age called 
a

 m
irage. 

A
 m

irage is caused by the refraction of light in Earth’s 
atm

osphere. O
n hot days there m

ay be a layer of very hot air in con-
tact w

ith the ground. Since m
olecules in hot air are farther apart, light 

travels faster through it than through the cooler air above. T
he speed-

ing up of the part of the w
ave nearest the ground produces a gradual 

bending of the light rays. T
his can produce an im

age, say, of the palm
 

tree in Figure 29.20. T
he im

age appears upside dow
n to an observer 

at the right, just as if it w
ere reflected from

 a surface of w
ater. B

ut the 
light is not reflected; it is refracted.

W
ave fronts of light are show

n in Figure 29.21. T
he refraction of 

light in air in this case is very m
uch like the refraction of sound in 

Figure 29.15. U
ndeflected w

ave fronts w
ould travel at one speed and 

in the direction show
n by the broken lines. T

heir greater speed near 
the ground, how

ever, causes the light ray to bend upw
ard as show

n.

th
in

k
!

FIG
U

RE 29.19 !
There are m

any effects of 
refraction. a.

The apparent 
depth of the glass block is 
less than the real depth. 
b. The fish appears to be 
nearer than it actually is. 
c. The full glass m

ug 
appears to hold m

ore root 
beer than it actually does.

If the speed of light w
ere 

the sam
e for the various 

tem
peratures and densi-

ties of air, w
ould there still 

be m
irages?

Answ
er: 29.9
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"
 Teach

in
g

 Tip
 W

hen discussing
 

Figure 29.19, explain that if you
 

extend the ray from
 the fish’s eye 

backw
ard, you see that the fish

 
sees the person to be higher than

 
he or she really is.

Sh
o

w
 a th

ick ro
o

t b
eer m

u
g

 
filled

 w
ith

 ro
o

t b
eer (o

r 
co

la). B
ecau

se o
f sig

n
ifican

t 
refractio

n
 o

f lig
h

t in
 p

assin
g

 
fro

m
 th

e g
lass m

u
g

 to
 th

e air, 
th

e m
u

g
 ap

p
ears to

 co
n

tain
 

m
o

re ro
o

t b
eer th

an
 it actu

ally 
d

o
es (Fig

u
re 29.19c). Y

o
u

 can
 

d
em

o
n

strate th
is b

y im
m

ersin
g

 
th

e m
u

g
 in

 a tan
k o

f w
ater. 

B
ecau

se th
e lig

h
t d

o
esn

’t 
ch

an
g

e sp
eed

 as m
u

ch
 in

 
travelin

g
 th

ro
u

g
h

 th
e g

lass 
m

u
g

 to
 th

e w
ater, yo

u
 can

 
b

etter see th
e g

lass th
ickn

ess.

D
e
m

o
n
stra

tio
n

D
e
m

o
n
stra

tio
n

 
C

h
an

g
es in

 th
e sp

eed
 

o
f lig

h
t as it p

asses 
fro

m
 o

n
e m

ed
iu

m
 to

 an
o

th
er, o

r 
variatio

n
s in

 th
e tem

p
eratu

res 
an

d
 d

en
sities o

f th
e sam

e 
m

ed
iu

m
, cau

se refractio
n

.

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s
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A
 m

otorist experiences a sim
ilar situation w

hen driving along a 
hot road that appears to be w

et ahead. T
he sky appears to be reflected 

from
 a w

et surface but, in fact, light from
 the sky is being refracted 

through a layer of hot air. A
 m

irage is not, as som
e people m

istakenly 
believe, a “trick of the m

ind.” A
s Figure 29.22 illustrates, a m

irage is 
form

ed by real light and can be photographed.

W
hen you w

atch the sun set, you see the sun 
for several m

inutes after it has really sunk below
 

the horizon. T
his is because light is refracted by 

Earth’s atm
osphere, as show

n in Figure 29.23. 
Since the density of the atm

osphere changes 
gradually, the refracted rays bend gradually to 
produce a curved path. T

he sam
e thing occurs 

at sunrise, so our daytim
es are about 5 m

inutes 
longer because of atm

ospheric refraction.

!
 FIG

U
RE 29.20 

The refraction of 
light in air produces 
a m

irage.

!
 FIG

U
RE 29.21

W
ave fronts of light 

travel faster in the hot air 
near the ground, thereby 
bending the rays of light 
upw

ard.

!
 FIG

U
RE 29.22

A
 driver m

ight see a 
m

irage on a hot day. 
The “w

et” street is 
actually dry. 

!
 FIG

U
RE 29.23

W
hen the sun is 

already below
 the 

horizon, you can still 
see it.

0578_C
P

09_S
E

_C
H

29.indd
589

11/29/07
11:41:30

A
M

5
8
9

29.9  A
tm

ospheric 
Refraction

K
e

y
 Te

rm
m

irag
e

"
 Teach

in
g

 Tip
 D

iscu
ss th

e 
effects o

f refractio
n

 in
 th

e 
atm

o
sp

h
ere—

m
irag

es. M
ake su

re 
th

at stu
d

en
ts u

n
d

erstan
d

 th
at 

th
ese effects are real, an

d
 n

o
t 

tricks o
f th

e m
in

d
, as evid

en
ced

 
b

y th
e fact th

at th
ey can

 b
e 

cap
tu

red
 o

n
 p

h
o

to
g

rap
h

ic film
.

"
 Teach

in
g

 Tip
 Stu

d
en

ts 
o

ften
 say th

ey can
 see th

e “h
eat 

w
aves” n

ear th
e g

ro
u

n
d

 o
r n

ear 
o

th
er h

o
t su

rfaces. Exp
lain

 th
at 

w
h

at th
ey are actu

ally seein
g

 are 
air co

n
vectio

n
 cu

rren
ts m

u
ch

 like 
th

o
se th

at o
ccu

r in
 h

eated
 w

ater.

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s

•  Reading and Study 
W

orkbook
•    Presentation

EX
PR

ESS

•    Interactive Textbook
•  N

ext-Tim
e Q

uestions 29-8, 
29-9
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W
hen the sun (or m

oon) is near the horizon, the rays from
 the 

low
er edge are bent m

ore than the rays from
 the upper edge. T

his 
produces a shortening of the vertical diam

eter and m
akes the sun 

(or m
oon) look elliptical instead of round, as in Figure 29.24.

CO
N

CEP
T

CH
ECK

......W
hat causes the ap

p
earance of a m

irag
e?

29.10 D
ispersion in a Prism

C
hapter 27 discussed how

 the average speed of light is less than c in 
a transparent m

edium
. H

ow
 m

uch less depends on the m
edium

 and 
the frequency of the light. Light of frequencies closer to the natural 
frequency of the electron oscillators in a m

edium
 travels m

ore slow
ly 

in the m
edium

. T
his is because there are m

ore interactions w
ith 

the m
edium

 in the process of absorption and reem
ission. Since the 

natural or resonant frequency of m
ost transparent m

aterials is in the 
ultraviolet part of the spectrum

, visible light of higher frequencies 
travels m

ore slow
ly than light of low

er frequencies. V
iolet light travels 

about 1%
 slow

er in ordinary glass than red light. Light w
aves of col-

ors betw
een red and violet travel at their ow

n interm
ediate speeds.

W
hy D

o Stars Tw
inkle?

1.
Look across a hot stove or hot pavem

ent. D
escribe w

hat you 
observe. W

hat is a possible explanation for w
hat you are seeing?

2.
The next tim

e you are outside on a clear night try to notice the 
tw

inkling of stars in the nighttim
e sky. W

hat causes this tw
inkling?

3.
Think W

hy are m
any observatories located atop m

ountains?

d
isco

ve
r!

Since different frequencies of light travel at different speeds 
in transparent m

aterials, they w
ill refract differently and bend at 

different angles. W
hen light is bent tw

ice at nonparallel boundaries, 
as in a prism

, the separation of the different colors of light is quite 
apparent. T

his separation of light into colors arranged according to 
their frequency, as illustrated in Figure 29.25, is called  dispersion. 

CO
N

CEP
T

CH
ECK

......W
hat causes d

isp
ersion of lig

ht?

FIG
U

RE 29.24 !
A

tm
ospheric refraction pro-

duces a “pum
pkin” sun.

FIG
U

RE 29.25 "
D

ispersion through a prism
 

occurs because different 
frequencies of light travel 
at different speeds.
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Since different 
frequencies of light 

travel at different speeds in 
transparent m

aterials, they w
ill 

refract differently and bend at 
different angles.

C
O

N
C
EP

T
CH

ECK

......

C
O

N
C
EP

T
CH

ECK

......

d
isco

ver!
EX

PEC
TED O

U
TC

O
M

E W
hen 

looking across a hot stove or 
hot pavem

ent, students should 
see shim

m
ering im

ages, or 
“heat w

aves.” These m
irages 

and the tw
inkling of stars 

are both produced by the 
refraction of light in the 
atm

osphere.

TH
IN

K M
any observatories are 

located at higher altitudes 
to lim

it the effects of 
atm

ospheric refraction.

"
 Teach

in
g

 Tip
 D

iscuss the 
role of atm

ospheric refraction 
in sunsets and in the “pum

pkin” 
sun (or m

oon) often seen low
 in 

the sky as show
n in Figure 29.24.

 
A

 m
irage is caused by 

the refraction of 
light in Earth’s atm

osphere.

C
O

N
C
EP

T
CH

ECK

......

C
O

N
C
EP

T
CH

ECK

......
29.10  D

ispersion in 
a Prism

K
ey Term

dispersion

C
o

m
m

o
n

 M
isco

n
cep

tio
n

A
 prism

 changes w
hite light into 

colors.

 FA
C

T A
 prism

 separates w
hite 

light into its constituent colors.

"
 Teach

in
g

 Tip
 Explain that 

the separation of light by a 
prism

 occurs because the sides 
of the triangular prism

 are not 
parallel. Light does not separate 
as it passes through a w

indow
 

because the sides of the glass are 
parallel to each other.
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29.11 The R
ainbow

A
 spectacular illustration of dispersion is the rainbow

. 
In order 

for you to see a rainbow
, the sun m

ust be shining in one part of 
the sky, and the w

ater droplets in a cloud or in falling rain m
ust 

be in the opposite part of the sky. W
hen you turn your back to the 

sun, you see the spectrum
 of colors in a bow

. A
s illustrated in Figure 

29.26, all rainbow
s w

ould be com
pletely round if the ground w

ere 
not in the w

ay.

D
ispersion by a Raindrop

 C
onsider an individual spherical 

raindrop, as show
n in Figure 29.27. Follow

 the ray of sunlight as it 
enters the drop near its top surface. Som

e of the light here is reflected 
(not show

n), and the rest is refracted into the drop. A
t this first 

refraction, the light is dispersed into its spectral colors. V
iolet is bent 

the m
ost and red the least. T

he rays reach the opposite part of the 
drop to be partly refracted out into the air (not show

n) and partly 
reflected back into the w

ater. Part of the rays that arrive at the low
er 

surface of the drop are refracted into the air. T
his second refraction 

is sim
ilar to that of a prism

, w
here refraction at the second surface 

increases the dispersion already produced at the first surface. T
his 

tw
ice-refracted, once-reflected light is concentrated in a narrow

 range 
of angles.

th
in

k
!

FIG
U

RE 29.27
!

D
ispersion of sunlight by a 

w
ater drop produces a rainbow

. 

"
 FIG

U
RE 29.26

The rainbow
 is seen in a 

part of the sky opposite 
the sun and is centered 
on the im

aginary line 
extending from

 the sun 
to the observer.

If light traveled at the 
sam

e speed in raindrops 
as it does in air, w

ould w
e 

still have rainbow
s?

Answ
er: 29.11.1
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29.11 The Rainbow
!

 Teach
in

g
 Tip

 Point out that 
there are not distinct bands of 
color in the rainbow

, but rather 
the colors m

erge from
 one hue 

to another. W
e separate the 

rainbow
 into the colors w

e have 
learned to identify.

!
 Teach

in
g

 Tip
 State that all 

rainbow
s are com

plete circles, 
but the ground gets in the w

ay so
 

only half of the circle is seen.

I have seen com
plete circles 

of both prim
ary and secondary 

bows from
 a helicopter over 

Kauai. Spectacular!

!
 Teach

in
g

 Tip
 Explain that 

rainbow
s cannot be seen w

hen
 

the sun is m
ore than 42° above 

the horizon because the bow
 

is below
 the horizon w

here no
 

w
ater drops are to be seen. H

ence 
rainbow

s are norm
ally seen early 

and late in the day. W
e don’t see 

rainbow
s in m

idday in sum
m

er in
 

m
ost parts of the w

orld (except 
from

 an airplane, w
here they are 

seen as full circles).

!
 Teach

in
g

 Tip
 Point out 

a significant, yet com
m

only 
unnoticed, feature about the 
rainbow

—
the disk segm

ent 
bounded by the bow

 is 
appreciably brighter than the rest 
of the sky. The rainbow

 is sim
ilar 

to the chrom
atic aberration

 
around a bright spot of projected

 
w

hite light.
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You don’t need to look only upw
ard at 42° to see dispersed red 

light. You can see red by looking sidew
ays at the sam

e angle or any-
w

here along a circular arc sw
ept out at a 42° angle. T

he dispersed 
light of other colors is along sim

ilar arcs, each at their ow
n slightly 

different angle. A
ltogether, the arcs for each color form

 the fam
iliar 

rainbow
 shape.

If you rotate the triangle show
n in Figure 29.29, you sw

eep out 
the portion of a cone, w

ith your eye at the apex. T
he raindrops that 

disperse light to you lie at the far edges of such a cone. T
he thicker 

the region of w
ater drops, the thicker the conical edge you look 

through, and the m
ore vivid the rainbow

. 
Your cone of vision that intersects the raindrops creating your 

rainbow
 is different from

 that of a person next to you. So w
hen a 

friend says, “Look at the beautiful rainbow
,” you can reply, “O

kay, 
m

ove aside so I can see it too.” Everybody sees his or her ow
n per-

sonal rainbow
.

So w
hen you m

ove, your rainbow
 m

oves w
ith you. T

his m
eans 

you can never approach the side of a rainbow
, or see it end-on as in 

the exaggerated view
 of Figure 29.26. You can’t get to its end. H

ence 
the expression “looking for the pot of gold at the end of the rainbow

” 
m

eans pursuing som
ething you can never reach.

O
bserving a Rainbow

 Each drop disperses a full spectrum
 of 

colors. A
n observer, how

ever, is in a position to see only a single color 
from

 any one drop, as illustrated in Figure 29.28. If violet light from
 a 

single drop enters your eye, red light from
 the sam

e drop falls below
 

your eye. To see red light you have to look at a drop higher in the sky. 
You’ll see the color red w

hen the angle betw
een a beam

 of sunlight 
and the dispersed light is 42°. T

he color violet is seen w
hen the angle 

betw
een the sunbeam

 and dispersed light is 40°.

FIG
U

RE 29.28 !
Sunlight strikes tw

o sam
ple drops 

and em
erges as dispersed light. 

FIG
U

RE 29.29 !
O

nly raindrops along the 
dashed arc disperse red 
light to the observer at a 
42° angle.
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"
 Teach

in
g

 Tip
 Th

e d
ifferen

t 
sizes o

f rain
d

ro
p

s affect th
e 

p
ro

p
o

rtio
n

s o
f co

lo
r seen

 in
 a 

rain
b

o
w

. D
ro

p
s b

etw
een

 0.5 an
d

 
1 m

m
 in

 d
iam

eter create th
e 

m
o

st b
rillian

t co
lo

rs. D
ro

p
s o

f 
1–2 m

m
 in

 d
iam

eter sh
o

w
 very 

b
rig

h
t vio

let an
d

 b
lu

e w
ith

 
scarcely an

y g
reen

. Larg
er d

ro
p

s 
p

ro
d

u
ce p

o
o

r rain
b

o
w

s b
ecau

se 
th

ey d
ep

art fro
m

 a tru
ly sp

h
erical 

sh
ap

e d
u

e to
 flatten

in
g

 cau
sed

 b
y 

air p
ressu

re an
d

 th
e o

scillatio
n

s 
th

ey u
n

d
erg

o
. In

 d
ro

p
s sm

aller 
than 0.5 m

m
, red is w

eak. In the 
0.02–0.3 m

m
 ran

g
e, red

 is n
o

t 
seen

. A
t 0.08 to

 0.10 m
m

, th
e 

b
o

w
 is p

ale w
ith

 o
n

ly vio
let 

vivid
. Sm

aller d
ro

p
s p

ro
d

u
ce 

w
eak b

o
w

s w
ith

 a d
istin

ct w
h

ite 
strip

e. A
n

d
 as a p

air o
f p

o
larized

 
su

n
g

lasses w
ill sh

o
w

, rain
b

o
w

s 
are p

o
larized

.

"
 Teach

in
g

 Tip
 Y

o
u

 m
ay 

w
ish

 to
 exten

d
 th

e to
p

ic 
o

f rain
b

o
w

s to
 th

e sim
ilar 

p
h

en
o

m
en

o
n

 o
f th

e m
o

o
n

’s 
h

alo
. Exp

lain
 h

o
w

 th
e h

alo
 

is p
ro

d
u

ced
 b

y refractio
n

 o
f 

m
o

o
n

lig
h

t th
ro

u
g

h
 ice crystals 

in
 th

e atm
o

sp
h

ere. N
o

te th
e 

im
p

o
rtan

t d
ifferen

ce: W
h

ereas 
b

o
th

 refractio
n

 an
d

 in
tern

al 
reflectio

n
 p

ro
d

u
ce rain

b
o

w
s, 

o
n

ly refractio
n

 p
ro

d
u

ces h
alo

s. 
A

n
d

, w
h

ereas th
e o

b
server is 

b
etw

een
 th

e su
n

 an
d

 th
e d

ro
p

s 
fo

r seein
g

 a rain
b

o
w

, th
e ice 

crystals th
at p

ro
d

u
ce h

alo
s are 

b
etw

een
 th

e o
b

server an
d

 th
e 

m
o

o
n

. M
o

o
n

lig
h

t is refracted
 

th
ro

u
g

h
 ice crystals h

ig
h

 in
 th

e 
atm

o
sp

h
ere—

evid
en

ce o
f th

e 
co

ld
n

ess u
p

 th
ere even

 o
n

 a h
o

t 
su

m
m

er n
ig

h
t.
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O
ften a larger, secondary bow

 w
ith colors reversed can be seen 

arching at a greater angle around the prim
ary bow

. You can see the 
secondary bow

 in Figure 29.30. T
he secondary bow

 is form
ed by 

sim
ilar circum

stances and is a result of double reflection w
ithin the 

raindrops, as illustrated in Figure 29.31. B
ecause m

ost of the light is 
refracted out the back of the w

ater drop during the extra reflection, 
the secondary bow

 is m
uch dim

m
er.

CO
N

CEP
T

CH
ECK

......W
hat are the cond

itions necessary for 
seeing

 a rainb
ow

?
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29.12 Total Internal R
eflection

W
hen you’re in a physics m

ood and you’re going to take a bath, fill 
the tub extra deep and bring a w

aterproof flashlight into the tub w
ith 

you. Turn the bathroom
 light off. Shine the subm

erged light straight 
up and then slow

ly tip it and note how
 the intensity of the em

erging 
beam

 dim
inishes and how

 m
ore light is reflected from

 the w
ater sur-

face to the bottom
 of the tub.

FIG
U

RE 29.31 !
D

ouble reflection in a w
ater 

drop produces a secondary 
bow

 that is m
uch dim

m
er 

than the prim
ary bow

.

"
 FIG

U
RE 29.30

Light from
 droplets 

inside the rainbow
 form

 
a bright disk w

ith the 
colored rainbow

 at its 
edge. The sky appears 
darker outside the 
rainbow

 because there 
is no light exiting 
raindrops in the w

ay 
that produces the m

ain 
rainbow

. N
otice the 

dim
m

er secondary bow
.

Point to a w
all w

ith your arm
 extended to approxim

ate a 
42° angle to the norm

al of the w
all. Rotate your arm

 in a full 
circle w

hile keeping the sam
e 42° angle. W

hat shape does 
your arm

 describe? W
hat shape on the w

all does your finger 
sw

eep out?
Answ

er: 29.11.2
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29.12  Total Internal 
Reflection
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critical an
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to

tal in
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tical fib

er 

 
In

 o
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see a rain
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, th
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su
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u
st b

e sh
in

in
g

 in
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n
e p

art 
o

f th
e sky, an

d
 th

e w
ater d

ro
p

lets 
in

 a clo
u

d
 o

r in
 fallin

g
 rain

 m
u

st 
b

e in
 th

e o
p

p
o

site p
art o

f th
e sky.
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The Critical A
ngle

 A
t a certain angle, called the critical angle, 

you’ll notice that the beam
 no longer em

erges into the air above the 
surface.  T

he  critical angle  is the angle of incidence that results in 
the light being refracted at an angle of 90° w

ith respect to the nor-
m

al. A
s a result, the intensity of the em

erging beam
 reduces to zero. 

W
hen the flashlight is tipped beyond the critical angle (48° from

 the 
norm

al in w
ater), the beam

 cannot enter the air; it is only reflected. 
T

he beam
 is experiencing  total internal reflection,  w

hich is the 
com

plete reflection of light back into its original m
edium

. 
Total 

internal reflection occurs w
hen the angle of incidence is larger than 

the critical angle. T
he only light em

erging from
 the w

ater surface is 
that w

hich is diffusely reflected from
 the bottom

 of the bathtub.
T

his procedure is show
n in Figure 29.32. T

he proportions of light 
refracted and reflected are indicated by the relative lengths of the 
solid arrow

s. T
he light reflected beneath the surface obeys the law

 of 
reflection: T

he angle of incidence is equal to the angle of reflection.
T

he critical angle for glass is about 43°, depending on the type 
of glass. T

his m
eans that w

ithin the glass, rays of light that are m
ore 

than 43° from
 the norm

al to a surface w
ill be totally internally 

reflected at that surface. R
ays of light in the glass prism

s show
n in 

Figure 29.33, for exam
ple, m

eet the back surface at 45° and are totally 
internally reflected. T

hey w
ill stay inside the glass until they m

eet a 
surface at an angle betw

een 0° (straight on) and 43° to the norm
al.

Total internal reflection is as the nam
e im

plies: total—
100%

. 
Silvered or alum

inized m
irrors reflect only 90 to 95%

 of incident 
light, and are m

arred by dust and dirt; prism
s are m

ore efficient. 
T

his is the m
ain reason prism

s are used instead of m
irrors in m

any 
optical instrum

ents. Figure 29.33 illustrates how
 prism

s can be used 
to reflect light.

Total Internal Reflection in D
iam

onds T
he critical angle for a 

diam
ond is 24.6°, sm

aller than in other com
m

on substances. T
his sm

all 
critical angle m

eans that light inside a diam
ond is m

ore likely to be 
totally internally reflected than to escape. A

ll light rays m
ore than 24.6° 

from
 the norm

al to a surface in a diam
ond are kept inside by total 

internal reflection. 

FIG
U

RE 29.33 !
Prism

s are m
ore effi-

cient at reflecting light 
than m

irrors because of 
total internal reflection.

FIG
U

RE 29.32 !
You can observe total 
internal reflection in your 
bathtub. a–d.

Light em
it-

ted in the w
ater at angles 

below
 the critical angle is 

partly refracted and partly 
reflected at the surface.
e.

A
t the critical angle, 

the em
erging beam

 skim
s 

the surface. f. Past the 
critical angle, there is total 
internal reflection.
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se o
f th

e h
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h
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freq
u

en
cies o

f lig
h

t co
m

p
ared

 
to

 electric cu
rren

ts, a p
air o

f 
g

lass fib
ers as th

in
 as a h

u
m

an
 

h
air can

 carry 1300 sim
u

ltan
eo

u
s 

telep
h

o
n

e co
n

versatio
n

s, w
h

ile  
a co

n
ven

tio
n

al co
p

p
er cab

le can
 

carry o
n

ly 24. Sig
n

als in
 co

p
p

er 
cab

les m
u

st b
e b

o
o

sted
 every 4 to

 
6 km

, w
h

ereas re-am
p

lificatio
n

 in
 

lig
h

t w
ave system

s o
ccu

rs at 
10- to

 50-km
 in

tervals. Fo
r 

in
frared

 o
p

tical fib
ers, th

e 
d

istan
ce b

etw
een

 reg
en

erato
rs 

m
ay b

e h
u

n
d

red
s o

r even
 

th
o

u
san

d
s o

f kilo
m

eters. 

Sh
o

w
 exam

p
les o

f reflectio
n

, 
refractio

n
, an

d
 to

tal in
tern

al 
reflectio

n
 w

ith
 a lig

h
t so

u
rce 

(laser), so
m

e p
rism

s, an
d

 a 
tan

k o
f w

ater w
ith

 so
m

e 
flu

o
rescen

t d
ye ad

d
ed

.

D
e
m

o
n
stra

tio
n

D
e
m

o
n
stra

tio
n
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!
 FIG

U
RE 29.34

The brilliance of dia-
m

onds is a result of 
total internal reflection.

A
s show

n in Figure 29.34, w
hen a diam

ond is cut as a gem
stone, 

light that enters at one facet is usually totally internally reflected sev-
eral tim

es, w
ithout any loss in intensity, before exiting from

 another 
facet in another direction. A

 sm
all critical angle, plus the pronounced 

refraction because of the unusually low
 speed of light in diam

ond, 
produces w

ide dispersion and a w
ide array of brilliant colors. 

O
ptical Fibers O

ptical fibers,  som
etim

es called light pipes, are 
transparent fibers that pipe light from

 one place to another. A
s 

illustrated in Figure 29.35, they do this by a series of total internal 
reflections. O

ptical fibers are useful for getting light to inaccessible 
places. M

echanics and m
achinists use them

 to look at the interiors 
of engines, and physicians use them

 to look inside a patient’s body. 
Light that shines dow

n som
e of the fibers illum

inates the scene and is 
reflected back along others.

O
ptical fibers are im

portant in com
m

unications and have been 
replacing bulky and expensive copper cables to carry telephone m

es-
sages betw

een m
ajor sw

itching centers. M
ore inform

ation can be 
carried in the high frequencies of visible light than in the low

er fre-
quencies of electric current. 

CO
N

CEP
T

CH
ECK

......W
hat causes total internal reflection to occur? 

Light travels slow
ly in 

a diam
ond, but even 

m
ore slow

ly in a silicon 
carbide crystal called 
carborundum

.

FIG
U

RE 29.35 "
In an optical fiber, light is 
piped from

 one end to the 
other by a succession of 
total internal reflections.
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m
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e m

an
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ap
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n

s o
f th
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“lig

h
t p

ip
es.” 

 
To

tal in
tern

al 
reflectio

n
 o

ccu
rs 

w
h

en
 th

e an
g

le o
f in

cid
en

ce is 
larg

er th
an

 th
e critical an

g
le.
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•
•

•
•

•
•

•
 

W
hen a w

ave reaches a boundary be-
tw

een tw
o m

edia, usually som
e or all 

of the w
ave bounces back into the first 

m
edium

.

•
 

T
he law

 of reflection states that the angle 
of incidence and the angle of reflection 
are equal to each other.

•
 

Plane m
irrors produce only virtual 

im
ages.

•
 

W
hen light is incident on a rough sur-

face, it is reflected in m
any directions.

•
 

Sound energy that is not reflected is 
absorbed or transm

itted.

•
 

W
hen a w

ave that is traveling at an angle 
changes its speed upon crossing a bound-
ary betw

een tw
o m

edia, it bends.

•
 

Sound w
aves are refracted w

hen parts of 
a w

ave front travel at different speeds.

•
 

C
hanges in the speed of light as it passes 

from
 one m

edium
 to another, or varia-

tions in the tem
peratures and densities of 

the sam
e m

edium
, cause refraction.

•
 

A
 m

irage is caused by the refraction of 
light in Earth’s atm

osphere.

•
 

Since different frequencies of light travel 
at different speeds in transparent m

ateri-
als, they w

ill refract differently.

•
 

In order for you to see a rainbow
, the 

sun m
ust be shining in one part of the 

sky, and w
ater droplets m

ust be in the 
opposite part of the sky.

•
 

Total internal reflection occurs w
hen the 

angle of incidence is larger than the criti-
cal angle.

reflection (p. 579)

norm
al (p. 580)

angle of incidence
(p. 580)

angle of reflection
(p. 580)

law
 of reflection

(p. 580)

virtual im
age

(p. 581)

diffuse reflection
(p. 582)

reverberation
(p. 583)

refraction
 (p. 585)

w
ave front (p. 585)

m
irage (p. 588)

dispersion
 (p. 590)

critical angle (p. 594)

total internal 
reflection (p. 594)

optical fiber (p. 595)

29.2 
T

he color of the im
age w

ill be the sam
e 

as the color of the object because the 
frequency of light is not changed by 
reflection.

29.7 
You’ll hear the w

histle better if the w
ind 

speed near the ground is less than the w
ind 

speed higher up. For this condition, the 
sound w

ill be refracted tow
ard the ground. 

29.9 
N

o! T
here w

ould be no refraction if light 
traveled at the sam

e speed in air of differ-
ent tem

peratures and densities.

29.11.1 N
o. If there is no change in speed, there 

is no refraction. If there is no refraction, 
there is no dispersion of light and hence, 
no rainbow

! 

29.11.2 Your arm
 describes a cone, and your 

finger sw
eeps out a circle. Likew

ise w
ith 

rainbow
s.

th
in

k
!

A
n
sw

e
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K
e
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•
•

•
•
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•
•

•
•

•

Section 29.1
 1. W

hat becom
es of a w

ave’s energy w
hen 

the w
ave is totally reflected at a boundary? 

W
hen it is partially reflected at a boundary?

 2. W
hy do sm

ooth m
etal surfaces m

ake good 
m

irrors? 

 3. W
hen light strikes perpendicular to the 

surface of a pane of glass, how
 m

uch light 
is reflected and how

 m
uch is transm

itted at 
the first surface? 

Section 29.2
 4. W

hat is m
eant by the norm

al to a surface?

 5. W
hat is the law

 of reflection?

Section 29.3
 6. W

hen you view
 your im

age in a plane m
ir-

ror, how
 far behind the m

irror is your im
age 

com
pared w

ith your distance in front of the 
m

irror?

 7. In w
hat w

ay does the law
 of reflection hold 

for
curved m

irrors?

Section 29.4
 8. In w

hat w
ay does the law

 of reflection hold 
for diffuse reflection? Explain.

 9. W
hat is m

eant by the idea that a surface 
m

ay be polished for som
e w

aves and rough 
for others?

Section 29.5
 10. D

istinguish betw
een an echo and a 

reverberation.

 11. D
oes the law

 of reflection hold for both 
sound w

aves and light w
aves?

Section 29.6
 12. D

istinguish betw
een reflection and 

refraction.

 13. W
hen a w

ave crosses a surface at an angle 
from

 one m
edium

 into another, w
hy does 

it change directions as it m
oves across the 

boundary into the new
 m

edium
?

 14. W
hat is the orientation of a ray in relation 

to the w
ave front of a w

ave?

Section 29.7
 15. G

ive an exam
ple w

here refraction is abrupt, 
and another w

here refraction is gradual.

Section 29.8
 16. D

oes refraction occur for both sound w
aves 

and light w
aves?

 17. If light had the sam
e speed in air and in w

a-
ter, w

ould light be refracted in passing from
 

air into w
ater?

 18. If you can see the face of a friend w
ho is 

underw
ater, can she also see you?
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1.  It reverses direction and goes 

back through the original 
m

edium
; part goes into the 

second m
edium

.

 
2. They reflect alm

ost all the 
colors of visible light.

 
3. 4%

; 96%
 (at first surface)

 
4. A

ny line that is perpendicular 
to the surface

 
5. A

ngle of incidence 5
 angle of 

reflection

 
6. Sam

e distance

 
7. The law

 of reflection still 
holds, but the norm

als at 
different points are not 
parallel to one another.

 
8. Each single ray obeys the law

 
of reflection.

 
9. The surface is considered

 
polished if its irregularities are 
less than 1/8

l of the incident 
w

ave.

 10.  Echo—
single reflection; 

reverberation—
m

ultiple 
reflections

 11.  Y
es; and for all other types of 

w
aves

 12.  Reflection—
w

aves travel 
back in the original m

edium
; 

refraction—
w

aves enter a 
new

 m
edium

 13.  D
ifferent parts of the w

ave 
change speed at different 
tim

es.

 14. Perpendicular
 15.  A

brupt—
light traveling

 
from

 air into w
ater (sharp

 
boundary); gradual—

light 
traveling through the 
atm

osphere

 16.  Y
es (and for all other types of 

w
aves too)

 17.  N
o; refraction depends on

 
change in w

ave speed.

 18.  Y
es (eyes at least); the 

directions of rays are 
reversible.
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19. D
oes refraction tend to m

ake objects sub-
m

erged in w
ater seem

 shallow
er or deeper 

than they really are?

Section 29.9
 20. Is a m

irage a result of refraction or reflec-
tion? Explain.

 21. Is daytim
e a bit longer or is it a bit shorter 

because of atm
ospheric refraction?

Section 29.10
 22. A

s light passes through a transparent m
edi-

um
, it undergoes an absorption-reem

ission 
process (discussed earlier, in Figure 27.7). 
W

hich interacts m
ore w

ith the m
edium

, 
light of high frequencies or light of low

 
frequencies? (D

o high frequencies or low
 

frequencies lag behind?)

 23. W
hy does blue light refract at greater angles 

than red light in transparent m
aterials?

Section 29.11
 24. W

hat conditions are necessary for view
ing a 

rainbow
 in the sky?

 25. H
ow

 is a raindrop sim
ilar to a prism

?

Section 29.12
 26. W

hat is the critical angle in term
s of refrac-

tion and total internal reflection?

 27. W
hy are optical fibers often called light 

pipes?

Th
in

k
 a

n
d
 R

a
n
k
 
•

•
•

•
•

•

R
ank each of the follow

ing sets of scenarios in 
order of the quantity or property involved. List 
them

 from
 left to right. If scenarios have equal 

rankings, then separate them
 w

ith an equal sign. 
(e.g., A

 !
 B

)

 28. W
heels from

 a toy cart are rolled from
 

a concrete sidew
alk onto the follow

ing 
surfaces. 

    (A
) a paved drivew

ay
 

    (B
)

a grass law
n

 
    (C

)
close-cropped grass (like that on a 
golf-course putting green)

 D
ue to slow

ing, each set of w
heels bends at 

the boundary and is deflected from
 its origi-

nal course. R
ank the surfaces according to 

the am
ount each set of w

heels bends at the 
boundary, from

 greatest am
ount of bending 

to least am
ount of bending.

9
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 19. Shallow
er

 20.  Refraction; it only appears to
 

be a reflection.

 21. Longer
 22.  H

igh frequencies

 23.  Blue interacts m
ore and slow

s 
m

ore than red.

 24.  The observer m
ust be 

betw
een a low

 sun and the 
w

ater drops.

 25.  Both refract and disperse 
light.

 26.  The angle at w
hich light 

doesn’t refract, but reflects.

 27.  They literally pipe light along
 

the fiber.

Th
in

k
 a

n
d
 R

a
n
k

 28.  B, C, A
 29.  B, C, A
 30.  C, B, A

0578_cp09te_ch29.indd   598
0578_cp09te_ch29.indd   598

1/31/08   12:40:53 P
M

1/31/08   12:40:53 P
M



11/29/07
11:41:47

A
M

C
H

A
PTER 29 

REFLEC
TIO

N
 A

N
D

 REFRA
C

TIO
N

  599

For:
Visit:
W

eb Code:
 –

Self-Assessm
ent

 
PHSchool.com

 
 

csa 
2600

C
H

A
PTER 29 

REFLEC
TIO

N
 A

N
D

 REFRA
C

TIO
N

  599

A
SSESS

9

C
H

A
PTER 29 

REFLEC
TIO

N
 A

N
D

 REFRA
C

TIO
N

  599

 29. Identical rays of light enter three transpar-
ent blocks com

posed of different m
ateri-

als. Light slow
s upon entering the blocks. 

R
ank the blocks according to the speed light 

travels in each, from
 highest speed to low

est 
speed.

 30. Identical rays of light in air are refracted 
upon entering three transparent m

aterials.
 

    (A
)

w
ater, w

here speed slow
s to 0.75c

 
    (B

)
ethyl alcohol (speed 0.74c)

 
    (C

)
crow

n glass (speed 0.66c)

 R
ank the m

aterials according to how
 m

uch 
the light ray bends tow

ard the norm
al, from

 
m

ost bending to least bending.

Th
in

k
 a

n
d
 Ex

p
la

in
 
•

•
•
•

•
•

 31. O
n a steam

y m
irror, w

ipe an area just large 
enough to allow

 you to see your full face. 
H

ow
 tall w

ill the w
iped area be com

pared 
w

ith the vertical dim
ension of your face?

 32. Suppose that a m
irror and three lettered 

cards are set up as in the figure. If a person’s 
eye is at point P, w

hich of the lettered cards 
w

ill be seen reflected in the m
irror? Explain.

 33. In the photograph below
 w

e see the bird 
and its reflection. W

hy don’t w
e see the 

bird’s feet in the reflection?

 34. C
ontrast the types of reflection from

 a 
rough road and from

 the sm
ooth surface of 

a w
et road to explain w

hy it is difficult for 
a m

otorist to see the roadw
ay ahead w

hen 
driving on a rainy night.

 35. C
am

eras w
ith autom

atic focus bounce 
a sonar (sound) beam

 from
 the object 

being photographed and com
pute distance 

from
 the tim

e interval betw
een sending and 

receiving the signal. W
hy w

ill these cam
eras 

not focus properly for photographs of 
m

irror im
ages?

0578_C
P

09_S
E

_C
H

29.indd
599

11/29/07
11:41:49

A
M

5
9
9

Th
in

k
 a

n
d
 Ex

p
la

in
 31. The w

iped area w
ill be half 

the height of your face (see 
A

ctivity 53).

 32. By the law
 of reflection, only 

light from
 card B reaches his 

or her eyes.

 33. The bird’s feet are out of view
 

of the w
ater and therefore 

are not reflected as the rest of 
the body is.

 34.  A
 dry road causes diffuse 

reflection of headlight beam
s 

and only a sm
all part of the 

reflected light returns to the 
driver’s eyes. A

 w
et road acts 

m
ore like a plane m

irror, so
 

m
ost of the light is reflected

 
ahead (causing glare for 
oncom

ing m
otorists!).

 35.  So
u

n
d

 is b
o

u
n

ced
 fro

m
 th

e 
m

irro
r su

rface rath
er th

an
 

fro
m

 th
e im

ag
e, so

 so
n

ar 
cam

eras w
ill n

o
t o

rd
in

arily 
fo

cu
s p

ro
p

erly fo
r a m

irro
r 

im
ag

e.
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 36. In the photograph below
, Peter H

opkinson 
is standing astride a large m

irror and boosts 
class interest w

ith this zany dem
onstration. 

H
ow

 does he accom
plish his apparent levi-

tation in m
idair?

 37. W
hy is an echo w

eaker than the original 
sound?

 38. Suppose you are standing dow
nw

ind from
 

a barking dog on a w
indy day. T

he w
ind 

blow
s faster w

ell above the ground than 
close to the ground. R

efraction w
ill change 

the sound of the dog’s bark. W
ill the sound 

of the bark be som
ew

hat louder or som
e-

w
hat dim

inished? D
efend your answ

er.

 39. D
oes the reflection of a scene in calm

 w
ater 

look exactly the sam
e as the scene itself only 

upside dow
n? (H

int: Place a m
irror on the 

floor betw
een you and a table. D

o you see 
the top of the table in the reflected im

age?)

 40. If you w
ere spearing a fish w

ith a spear, 
w

ould you aim
 above, below

, or directly 
at the observed fish to m

ake a direct hit? 
W

ould your answ
er be the sam

e if you used 
laser light to “spear” the fish? D

efend your 
answ

er.

 41. T
he photo below

 show
s tw

o identical cola 
bottles, each w

ith the sam
e am

ount of cola. 
T

he right bottle is in air, and the left bottle 
is encased in solid plastic that has nearly the 
sam

e index of refraction as glass (the speed 
of light in the plastic and in glass are nearly 
the sam

e). W
hich bottle show

s an illusion 
of the am

ount of cola? H
ow

 does the other 
bottle give a truer view

 of its contents?

 42. H
ow

 do the different speeds of light in 
thin air and dense air affect the length of 
daylight?

 43. Very short pulses of red light and blue light 
enter a glass block norm

al to its surface at 
the sam

e tim
e. W

hich pulse exits first?

 44. W
hen you stand w

ith your back to the sun, 
you see a rainbow

 as a circular arc. C
ould 

you m
ove off to one side and then see the 

rainbow
 as the segm

ent of an ellipse rather 
than the segm

ent of a circle (such as Figure 
29.26 suggests)? D

efend your answ
er. 

 45. A
 rainbow

 view
ed from

 an airplane m
ay 

form
 a com

plete circle. W
ill the shadow

 
of the airplane appear at the center of the 
circle? Explain w

ith the help of Figure 29.26.

9
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 36.  O
nly his right leg is lifted

 
w

hile he stands on his left leg
 

behind the m
irror.

 37.  Sound, like any w
ave, spreads 

as it travels and is diluted w
ith

 
distance.

 38.  Louder; w
aves heading

 
upw

ard go faster and bend
 

dow
nw

ard (Figure 29.15).

 39.  N
o; the reflected view

 of an
 

object is seen from
 a low

er 
angle, as from

 a point as far 
below

 the reflecting surface 
as the view

er is above it. The 
geom

etrical difference is 
m

ost noticeable w
hen closer 

objects and their reflections 
are view

ed. 

 40.  Below
; the fish appears to

 
be closer to the surface than

 
it really is, because of the 
refraction of light that leaves 
the fish and travels to your 
eye in the air above the w

ater. 
N

o; laser light w
ill travel back 

along the sam
e path as the 

light from
 the fish, so you

 
w

ould have to aim
 directly at 

the fish’s im
age.

 41. Both show
 illusions, but the 

encased bottle show
s a truer 

view
 (refraction at curved

 
bottle shrinks cola a bit). 
M

ore refraction occurs for 
the bottle in air, w

hich show
s 

m
uch m

ore cola than exists.

 42. The slow
er speed of light in

 
denser air causes dow

nw
ard

 
refraction, w

hich lengthens 
the am

ount of daylight hours.

 43. Red light is faster and
 

therefore exits first.

 44. N
o; from

 every vantage point, 
the rainbow

 form
s part 

(or all) of a circle.

 45.  Y
es; your head is directly 

betw
een the sun and the 

center of the bow
.
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M
ore Problem

-Solving Practice
A

ppendix F

 46. Tw
o observers standing apart from

 each 
other do not see the sam

e rainbow
. Explain.

 47. W
hy is a secondary rainbow

 dim
m

er than 
the prim

ary bow
? 

Th
in

k
 a

n
d
 So

lv
e
 
•

•
•
•

•
•

48. W
hen light strikes glass perpendicularly, 

about 4%
 of the light is reflected at each 

surface. Show
 that the am

ount of light 
transm

itted through a pane of w
indow

 
glass is approxim

ately 92%
.

 49. Suppose you w
alk tow

ard a m
irror at 1 m

/s. 
H

ow
 fast do you and your im

age approach 
each other? (T

he answ
er is not 1 m

/s.)

 50. A
 radio w

ave sent into space strikes an 
asteroid and is reflected back to Earth 
1 second after being em

itted. H
ow

 far aw
ay 

is the asteroid?

 51. A
 spider hangs by a strand of silk at eye level 

20 cm
 in front of a plane m

irror. You are 
behind the spider, 50 cm

 from
 the m

irror. 
Show

 that the distance betw
een your eye 

and the im
age of the spider in the m

irror is 
70 cm

.

 52. T
he average speed of light slow

s to 0.75c
w

hen it enters a particular piece of plastic.
 

 a.  W
hat change occurs in the frequency of 

light in the plastic?
 

 b.  W
hat change occurs in the w

avelength?

A
ctiv

itie
s

•
•

•
•

•
•

 53. Stand in front of a m
irror and put tw

o 
pieces of tape on the glass: one piece w

here 
you see the top of your head, and the other 
w

here you see the bottom
 of your feet. 

C
om

pare the distance betw
een the pieces of 

tape w
ith your height. If a full-length m

irror 
is not handy, use a sm

aller m
irror and find 

the m
inim

um
 length of m

irror to see your 
face. M

ark w
here you see the top of your 

head and the bottom
 of your chin. T

hen 
com

pare the distance betw
een the m

arks 
w

ith the length of your face. W
hat m

ust be 
the m

inim
um

 length of a plane m
irror in 

order for you to see a full view
 of yourself?

 54. W
hat effect does your distance from

 the 
m

irror have on the answ
er to A

ctivity 53? 
(H

int: M
ove closer and farther from

 your 
initial position. B

e sure the top of your 
head lines up w

ith the top piece of tape. 
A

t greater distances, is your im
age sm

aller 
than, larger than, or the sam

e size as the 
space betw

een the pieces of tape?) A
re you 

surprised?

 55. Look at a diam
ond under bright light. Turn 

the stone and note the flashes of color that 
refract, reflect, and refract tow

ard you. 
W

hen the flash encounters only one eye 
instead of tw

o, your brain registers it differ-
ently than for both eyes. T

he one-eyed flash 
is a sparkle! W

hat causes the brilliant 
sparkle of a diam

ond?
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 46. The centers of each rainbow
 

are as far apart as the view
ers. 

O
nly eyes in the sam

e location
 

see exactly the sam
e rainbow

.

 47. The intensity of the light is 
dim

inished by the extra 
internal reflection.

Th
in

k
 a

n
d
 So

lv
e

 48. Each boundary reflects 4%
: 

96%
 gets through the first 

boundary, and 96%
 of 96%

, 
or 92.2%

, gets through the 
second boundary.

 49. Relative to each other, you
 

and your im
age approach at 

2 m
/s.

 50. Tim
e going or returning is 0.5 s; 

distance 5
 ct 5

 (3 3
 10

8 m
/s) 3

(0.5 s) 5
 1.5 3

 10
8 m

 aw
ay.

 51. By addition: 50 cm
 1

 20 cm
 5

 
70 cm

. (The spider’s im
age is 

20 cm
 in back of the m

irror.)

 52.  a. N
one; there is no change in

 
frequency by refraction. 
b. l

 5
 v/f 5

 0.75c/f; there is 
no change in frequency f, so

 
the w

avelength l is reduced
 

to 0.75 the initial w
avelength.

A
ctiv

itie
s

 53. H
alf your height

 54. N
o difference

 55. Its high index of refraction
 

and sm
all critical angle

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s

•  Com
puter Test Bank

•  Chapter and U
nit Tests
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