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The Reflection of Light: Mirrors:

Mrrors produce I mages because the |ight that
strikes themis reflected, rather than absorbed.
Refl ected |ight does nuch nore than produce dramatic
and beautiful pictures, however. For exanple, it
al l ows our sense of vision to be remarkably useful.
Wien we "see" an object, light fromit enters our
eyes and evokes the sensation of vision. Sone

obj ects thensel ves produce the light that we see,
|1 ke the sun, a flame, or a |ight bulb. Most

obj ects, though, reflect into our eyes |ight that
originates el sewhere, and if it were not for
reflection, we would not be able to see them Mich
nore practical applications of [ight reflection
range from nmeasuring the speeds of autonobiles to
reading price information from bar codes at the
super nar ket .



Figure 26—1 Wave fronts and

i rays

Wave fronts 4 e = In this case, the
wave fronts indicate
the crests of water
waves. The rays

i -~ Indicate the local

direction of motion.
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Wave front

Wave fronts are surfaces on which all points of a
wave are in the sane phase of noti on.

Pl ane wave

|f the wave fronts are flat surfaces, the wave is
call ed a pl ane wave.

Ray

Rays are lines that are perpendicular to the wave
fronts and point in the direction of the velocity of
t he wave.

Refl ecti on

Wien light reflects froma snooth surface, the
reflected |ight obeys the Iaw of reflection, which
states that (a) the incident ray, the reflected ray,
and the normal to the surface all lie in the sane

pl ane, and (b) the angle of reflection equals the
angl e of i ncidence.




Figure 26—2 Spherical and
planar wave fronts

= As spherical waves
move farther from their
source, the wave fronts
‘D become increasingly
flat. In the limit of large

distances the wave
fronts are planes, and
Z? the corresponding rays
— [T
— are parallel to one
another.




Figure 26—3 Reflection from a
smooth surface

= In this simplified
representation, the
Sl incident and reflected
' waves are indicated by
T Reflected  single rays pointing in the
wave e direction of propagation.
Notice that the angle of
reflection, n,, is equal to
the angle of incidence, n;.
In addition, the incident
ray, reflected ray, and the
normal all lie in the same

plane.




Figure 26—4 Reflection from

(a) Specular reflection

(b) Diftuse reflection

smooth and rough surfaces

= (a) A smooth surface

gives specular
reflection, in which all
the reflected light
propagates in a single
direction. (b) A rough
surface gives rise to
reflected waves
propagating over a
range of directions. This
process is referred to as
diffuse reflection.
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| rages

A virtual 1mage is one fromwhich rays of
|1 ght do not actually conme, but only appear
to do so. Areal inmage is one from which
rays of light actually enanate.

Mrrors

(a) A plane mrror forns an upright,

virtual 1mage that is |located as far as the
object Isin front of iIt. In addition, the
hei ght of the Inage and the object are
equal .

(b) A spherical mrror has the shape of a
section fromthe surface of a sphere.




Figure 26—6 Locating a mirror

* Image

= (a) Rays of light
from point P at the
top of the flower
S~ appear to originate
“ay P from point P' behind
the mirror.

(a)



Figure 26—6 Locating a mirror
Image

= (b) Construction
showing that the
distance from the
object to the mirror
. IS the same as the
distance from the
Image to the mirror.

(b)



Problem: Two plane mirrors are placed together as
illustrated. If a=70° and 6,=35° what is 6., from M,?

Top view




i Figure 26—8 Spherical mirrors

= A spherical mirror has
the same shape as a
section of a sphere. If
the outside surface of
this section is reflecting,
the mirror is convex. If
the inside surface
reflects, the mirror Is
concave.




Figure 26—9 Concave and
convex mirrors

-. = (a) A concave mirror
"I and its center of
) curvature, C, which is

Principal axis

in)

Center of Reflecting —_ |

gyl szl on the same side as the
reflecting surface. (b) A
(a) convex mirror and its
center of curvature, C.
| In this case C is on the
i Pringipal axis s opposite side of the
e s mirror from its

reflecting surface.

|
1
|
L

(b)



Figure 26—10 Parallel rays on

ﬁ a convex mirror

= When parallel rays
of light reflect from
a convex mirror they
e diverge as if
originating from a
focal point halfway
between the surface
of the mirror and its
center of curvature.




Figure 26—11 Ray diagram for
a convex mirror

i

= Ray diagram used to
ocate the focal
noint, F.




Figure 26—12 Parallel rays on
ﬁ a concave mirror

= Parallel rays
reflecting from a
concave mirror pass
through the focal
point F, which Is
halfway between the
surface of the mirror
and the center of
curvature.

O 4




ray tracing for a concave mirror

i Figure 26—14 Principal rays used In

= The parallel ray (P
ray) reflects through

P ray | the focal point. The
~Fem )~\ focal ray (F ray)

o G reflects parallel to
O F } the axis, and the
o | center-of-curvature
. < ray (C ray) reflects

back along its
Incoming path.
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Principal axis
The principle axis of a mrror is a straight |ine drawn
t hrough the center of curvature and the mddl e of the

mrror's surface.

Par axi al ray
Rays that |lie close to the principle axis are known as

paraxi al rays.

Radi us of curvature

The radius of curvature R of the mirror is the distance from
the center of curvature to the mrror.

Focal point

(a) The focal point of a concave spherical mrror is a point
on the principal axis, in front of the mrror. Incident
paraxial rays that are parallel to the principle axis
converge to the focal point after being reflected fromthe
concave mrror.

(b) The focal point of a convex spherical mrror is a point
on the principal axis behind the mrror. For a convex mrror,
paraxial rays that are parallel to the principal axis seemto
di verge fromthe focal point.




Figure 26—15 Principal rays used

INn ray tracing for a convex mirror

= The parallel ray (P ray)
reflects along a direction
that extends back to the
focal point. Similarly, a focal

~/ ray (F ray) moves toward
Pray [F~s_ the focal point until it
Cray || """ Seoeeo___ reflects from the mirror,
T "¢ after which it moves parallel
F m,,,.\ to the axis. A center-of-
H\ curvature ray (C ray) is

directed toward the center
of curvature. It reflects
from the mirror back along
Its incoming path.



Figure 26—16 Image formation
* with a convex mirror

. = Ray diagram

< Py C ; showing image
ey 1\
d lr ray 7 : formed by a convex

3 mirror. The three
outgoing rays (P, F,
and C) extend back
to a single point at
the top of the
Image.

awl
_I
i

Object Image



Figure 2617 Image size and
* location In a convex mirror

= (a) When an object is
close to a convex mirror
the image is practically
the same size and
distance from the
mirror. (b) In the limit
that the object is very
far from the mirror the
Image is small and close
to the focal point.

(a)

; . e
Object I_ ImageF

(b)



P ray
-Iﬁ:'_':-_.'—-_ C i "
' Fray™ ____r_iy i O
/ e i
Object Image F

Image formation by a diverging mirror

Image is ALWAYS VIRTUAL
REDUCED
UPRIGHT

(a)

Object

(b)



Figure 26—18 Image formation
with a concave mirror

s }-. = Ray diagrams

‘ s Ol showing the image
Obect  mage),_— | formed by a
T / concave mirror
| when the object is
(a) beyond the
.. . center of curvature
oweat] NV ] and (b) between the
AN I center of curvature
1 h\ H,/ and the focal point.
RIS - «



P ray

Object located outside C:
| Image is: INVERTED
i REAL
-' REDUCED (|M|<1)

H-\-\-\""\-\-._
H"'\-_
Ty L TAY
-\-\-""‘-\-\.\_
T
C S

Object ;mage ;

Reverse rays:
Object located between C and F:
Image is: INVERTED

REAL

MAGNIFIED (|[M[>1)

(b)



r 2
e Virtual
e Object located inside F:
- enlarged Image is: Upright (M is positive)
>t VIRTUAL
. iy MAGNIFIED (M[>1)
d)d, < f
Rays ‘converge”
L A
Object _ = . .
w\ﬂ : \ Object located AT the focal point:
T D F |
: J



Figure 26—19 Ray diagrams used
g to derive the mirror equatlon

If|:-

e ) ::. Object

I
I
\
f
|
- :ifi - /
F.
(a) -

= (a) The two similar triangles in this case are
used to obtain Equation 26—4. (b) These
similar triangles yield Equation 26-5.




Summary of sign conventions:

Object distance, d, Is + if the object is in front of the mirror.
Object distance, d,, is - if the object is behind the mirror.

Image distance, d,, is + if the image is in front of the mirror (real image).
Image distance, d,, is - if the image is behind the mirror (virtual image).

For a concave mirror, focal length, f, is +
For a convex mirror, focal length, f, Is -



A flat mirror is a curved mirror with R=infinity

i:1+1:i20
f d, d, o
]
do di

M= _—i- g




Problem (PROBLEM 23 IS SIMILAR): An object 3 cm tall is placed 20 cm from
the front of a concave mirror with radius of curvature of 30 cm. Where is the

Image formed and how tall is it?

Solution:
ALWAYS draw a ray diagram (NOT TO SCALE) to get an overall picture

“sesespsesecceseceesiiactatacavsrrrsrerertanassacsrsurrrnney

3cm




From ray diagram,
Image is REAL, INVERTED and MAGNIFIED

d. is positive, M is negative, and IM|[>1
Any calculations have to agree with these observations.
d. = fd, / (d,-f) = (+15)(+20) / (20 — 15) = +60 cm
THIS CALCULATION AGREES WITH THE RAY DIAGRAM
M=-d./d,=-(+60) / (+20) = -3

THIS CALCULATION ALSO AGREES WITH THE RAY DIAGRAM.



Problem: What will the characteristics of the image be if the object is
moved to 10 cm from the mirror.

Solution:
ALWAYS draw a ray diagram to get an overall picture (NOT TO SCALE).




Image is Virtual, Upright and MAGNIFIED
d. is negative, M is positive, and IM|>1

Any calculations have to agree with these observations.

d. = fd, / (d,-f) = (+10)(+20) / (10 — 15) = - 40 cm

THIS CALCULATION AGREES WITH THE RAY DIAGRAM

M=-d/d,=-(-40)/(+10) =+ 4

THIS CALCULATION ALSO AGREES WITH THE RAY DIAGRAM.



Problem: An object 2 cm tall is placed 24 cm in front of a convex mirror whose
focal length is 30 cm. (a) Where is the image formed? (b) How tall is it?
From the ray diagram below:




Image is Virtual, Upright REDUCED
d. is negative, M is positive M| <1

Any calculations have to agree with these observations.

Mirror is convex so focal length is negative.

d. = fd, / (d,-f) = (-30)(+24) / (24 - -30) = - 13.3 cm

So image is behind the mirror

THIS CALCULATION AGREES WITH THE RAY DIAGRAM
M=-d/d,=-(-13.3)/(+24) =+ .55

h.=Mh,=0.55x2 =1.11 cm

THIS CALCULATION ALSO AGREES WITH THE RAY DIAGRAM.
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Refraction of Light: Lenses

Li ght can travel through many different nedia, such as
solids, liquids, and gases, although it does so at
different speeds. Wien |ight passes from one nedi um
such as air, into another nedium such as gl ass, the
difference in speeds |leads to a change in the
direction of travel. This directional change or
bending lies at the heart of sone renmarkable effects,
dependi ng on the nature of the materials and their
shapes. The change in direction of travel Is also
responsi ble for rai nbows and the sparkle of dianonds.
It is the basis for the inportant field of fiber
optics. Countl ess applications and devices are nade
possi bl e through the property of the refraction of

| i ght.

Refracti on

Wien |ight strikes the interface between two nedi a,
part of the light is reflected and the renmai nder iIs
transmtted across the interface. The change in the
direction of travel as |ight passes from one nedi um
Into another is called refraction.




Refraction of Light.

Light SLOWS DOWN as it enters a more dense (higher refractive index) medium.

speed of lightin vacuum _ ¢ _ . _
—— : = — =refractiveindex =n
speed of light in medium v

- - >
N Is a pure number that is > 1 See table 26.2 for a list of refractive indices for

Different materials

Nair ~ 1

For crown glass, n = 1.523.

In crown glass the speed of light is (3x108 / 1.532 Ym/s

The refractive index depends on wavelength also-called dispersion
(red light travels at a different speed to blue light in materials)
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| ndex of refraction

The 1 ndex of refraction n of a material Is
the ratio of the speed of light ¢ I n vacuum
to the speed of light vin the naterial: n
= c/v.

Snell's | aw of refraction

Snell's law of refraction states that (1)
the refracted ray, the incident ray, and
the nornal to the interface all lie in the
same plane, and (2) the angle of refraction
O, Is related to the angle of Incidence 6,

by

n, sin(6) = n, sin(6,)
where n, and n, are the indices of
refraction of the incident and refracting
nmedi a, respectively. The angles are

neasured relative to the normal .



Figure 26—20 An analogy for
* refraction

= As a marching band
moves from an area
where the ground Is
solid to one where it
IS soft and muddy
the direction of
motion changes.




Figure 26—21 The basic
i mechanism of refraction

= Refraction Is
the bending of
wave fronts and
change In
direction of
propagation
due to a change
In speed.




sin@, v,

n 1

sin@, v, n, n

If Incident medium Is air

Snell’s Law

n,sinf@, =n,sinb,




Medium 1 is incident medium.
Medium 2 is refraction medium

If medium 2 has a higher refractive
index than medium 1

ray bends TOWARDS normal

MNormal

Medium 1 1

Medium 2 1y > 14 L)
HE < 91
(Bent toward
normal)

a)

Medium 1 is incident medium
Medium 2 is refraction medium

If medium 2 has a lower refractive
index than medium 1-

ray bends AWAY from normal

Normal

Medium 1
Medium 2 1y

ke g <1y
: HZ} 81
| (Bent away

I from normal)



Apparent depth. Ray appears like it is coming from here.

NG, !

L
[ B B i
l"_z.."i T = I |

What Is x?




Figure 26—23 A mirage

= A mirage Is
produced when light
bends upward due
¥ to the low index of
refraction of heated
air near the ground.




A mirage: The sky appears on the ground-Looks like water.

Cooler air




Figure 26—24 Light propagating
through a glass slab

+
N

— 1 Slab of glass

“x

g

%

y

Sideways

, i
displacement

= When a ray of light

passes through a
glass slab it first
refracts toward the
normal, then away
from the normal.
The net result is that
the ray continues in
Its original direction,
but displaced
sideways by a finite
distance.



Figure 26—-25 Total internal
reflection

=J
I3

1 / 6> 6.
ol [

(a) (b) ic id)

Total internal reflection can occur when light propagates from a region with a high index of
refraction to one with a lower index of refraction. Part (a) shows an incident ray in medium 1
encountering the interface with medium 2, which has a lower index of refraction. A portion of
the ray is transmitted to region 2 at the angle n,, given by Snell’s law, and a portion of the
ray is reflected back into medium 1 at the angle of incidence, gql1. The sum of the intensities
of the refracted and reflected rays equals the intensity of the incident ray. In part (b) the
angle of incidence has been increased, and the refracted beam makes a smaller angle with
the interface. When the angle of incidence equals the critical angle, n., as in part (c), the
refracted ray propagates parallel to the interface. For incident angles greater than qc there is
no refracted ray at all, as shown in part (d), and all of the incident intensity goes into the
reflected ray.
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Critical angle
When |1 ght passes froma nedi um of | arger
refractive index n, into one of smaller
refractive index n,, the refracted ray iIs
bent away fromthe normal. |f the incident
ray Is at the critical angle, the angle of
refraction is 90° The critical angle can be
determned from Snell's |aw and gi ven by
sin(6.) = n,/n
Total Internal reflection
When the angle of Incidence exceeds the
critical angle, all the incident light Is
refl ected back into the nediumfromwhich it
came, a phenonenon known as total | nternal
refl ection.




Figure 26—26 Porro prisms

= Prisms are used to
“fold” the light path
within a pair of
binoculars. This
makes the
binoculars easier to
handle.

_ Total

Total
internal
reflecions |




* Figure 26—27 An optical fiber

= An optical fiber
channels light
along Its core by
-~ aseries of total
internal
reflections

between the core
and the cladding.




i Figure 26—28 Brewster’s angle

= When light is incident at
Brewster’s angle, ng,
the reflected and
refracted rays are
perpendicular to each

2 other. In addition, the

reflected light is

completely polarized

parallel to the reflecting

surface.

b | 6
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Brewst er angl e

When light Is incident on a nonnetallic
surface at the Brewster angle (6;), the
reflected light is conpletely polarized
parallel to the surface. The Brewster angle
IS given by

tan(8g) = n,/n;
where n, and n, are the refractive indices
of the i1 ncident and refracting nedia,
respectively. Wien light 1s incident at the
Brewster angle, the reflected and refracted
rays are perpendicular to each other.



Polarization of reflected light.

Alr

Glass

Unpolarized beam Linearly polarized reflected beam
: lelectric vectors normal to page)
| :

9, LG
vl o i
| |
a0°
:g I | l

Alr
Glass

Alr

Glass
Alr

Almost linearly polarized
refracted beam (in plane of page)

When the reflected and refracted
beam are 90° apart, the reflected
light is linearly polarized.

With this condition the incident

Angle, 6,, is called the
BREWSTER ANGLE



Unpolarnzed beam Linearly polarized reflecte
' lelectric vectors normal t

Air

Glass

0,+0,+90=180 or  6,+6,+90=180

Using Snells Law: tan B,=n

/

The Brewster Angle



Problem 61: A beam of light is incident on a glass plate (n=1.62)
and the reflected ray is completely polarized. What is the angle
of refraction for the beam?

tan g,=n, < @G=tan'n. So @G =@, =tan‘n=tan" 1.62=58.3°.

. : _ n,sin @ 1) sin 58.3°
nsin @, =n,sin@, @ sin§=— - L ) Te, -0525. So 6=[3L7°]
2 .




Unpolarized light

Air molecule

f,..r’?'
f-l"'
P
-
#_d_,,.!r'

F‘El rtlalehf
polarized

Linearly
polarized




Figure 26—29 A variety of
* converging and diverging lenses

. = We will consider
o |:' - only the double
Ll |
'..H | | ™ convex and the
double concave
s BE BE lenses.

Diver ging Lenses

IIII I| | | |I

.'I I| I| I| |I
S e 2



Lens ekl
The | enses used in optical 1nstrunents,

such as eyegl asses, caneras, and tel escopes,
are made fromtransparent materials they
refract light. They refract the [ight iIn
such a way that an i nmage of the source of
the light 1s formed. Depending on the
phenonenon of refraction in formng an

| mage, |l enses are classified into two types:
converging | enses and diverging | enses. (a)
Wth a converging | ens, paraxial rays that
are parallel to the principal axis are
focuses to a point on the axis by the | ens
(see Figure 26.30). (b) Wth a diverging

| ens, paraxial rays that are parallel to the
princi pal axis appear to originate fromits
focal point after passing through the |Iens
(see Figure 26-31).




Figure 26—30 A convex lens
compared with a pair of prisms

L = The behavior of a
a_m;:_‘fh . convex lens is similar to
"“‘“HK that of two prisms
',,H,----;'I?*” N placed back to back. In

L both cases, light parallel

to the axis is made to
converge. Note that the
lens, because of its

B T curved shape, brings
b light to a focus at the
focal point, F.




Figure 26—31 A concave lens
compared with a pair of prisms

/J = A concave lens and
L o two prisms placed
e point-to-point have
. N similar behavior. In

B

both cases, parallel
o light Is made to
— )
T diverge.




Figure 26—32 The three principal rays
used for ray tracing with convex lenses

P ray

""-\-..\_h_\_ |
~/ 3

= The image formed by a convex lens can be found by using the rays shown
here. The P ray propagates parallel to the principal axis until it encounters
the lens, where it is refracted to pass through the focal point on the far side
of the lens. The F ray passes through the focal point on the near side of the
lens, then leaves the lens parallel to the principal axis. The M ray passes
through the middle of the lens with no deflection. Note that in each case we
consider the lens to be of negligible thickness (thin-lens approximation).
Therefore, the P and F rays are depicted as undergoing refraction at the
center of the lens, rather than at its front and back surfaces, and the M ray
has zero displacement. This convention is adopted in all subsequent figures.



*k%k

Focal point

(a) The focal point of a converging lens is a point on
the principal axis. Incident paraxial rays that are
parallel to the principle axis converge to the focal
poi nt after passing through the | ens.

(b) The focal point of a diverging lens is a point on
the principal axis. Incident paraxial rays that are
parallel to the principal axis seemto originate from
the focal point after passing through the | ens.

Focal |ength

The distance fromthe focal point to the lens along its
princi pal axis.

Ray di agram

The 1 mage produced by a converging or a diverging |ens
can be | ocated using a technique called ray diagram
See Figure 26-33, 26-34, 26-35 for the detail ed

constructing steps.




Figure 26—33 The three principal rays
used for ray tracing with convex lenses

Il' ]
Pt /
‘»‘]l |

= 3 principal rays used for for ray tracing
w/concave lenses



Figure 26-34 The Image
* formed by a concave lens

p —
ray _—
I
Object " ,f’f
__:___:___ -__J. !
i -~ . .
— —>=____ F ray
Py =i
=~y T~ W TT---
— : — e
F Image N T~ F
o
1= M ray -
, ]

Ray tracing can be used to find the image produced
by a concave lens. Note that the P, F, and M rays all
extend back to the top of the virtual image, which is
upright and reduced in size.



Figure 26—35 Ray tracing for a

-
P ray E L
o lmagei
My
L . F Image
Object H - F
jat T,
Fra b \\
' ol . o
i;—n.
(a) (b)

= (a) The object is beyond the focal point. The image
In this case Is real and inverted. (b) The object is
between the lens and the focal point. In this case
the image is virtual, upright, and enlarged.



derive the thin-lens equation

* Figure 26—36 Ray diagrams used to

(a) The two similar
triangles In this
case are used to
obtain Equation 26—
14. (b) These
similar triangles
yield Equation 26—
15.
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Thi n-1 ens equati on

The thin-lens equation can be used wth

el ther converging or diverging | enses that
are thin, and it relates the object distance
d,, the imge distance d., and the focal
length f of the |ens:

1/d, + 1/d.
Magni fication equation
The magnification mof a lens is the ratio
of the image height h, to the object height
h,., The magnification is also related to d,
and d. by the nmagnification equation:
m= -(d,/d,)

1/ f




Summary of sign conventions:

Object distance, d,, is + if the object is to the left of the lens or in front of it.
Object distance, d,, is - if the object is to the right of the lens or behind it.

Image distance, d., is + if the image is to the right of the lens or behind the lens (real image).
Image distance, d,, is - if the image is to the left of the lens or in front the lens (virtual image).

For a concave or diverging lens, focal length, f, is -
For a convex or converging lens, focal length, f, is +



Problem: A person looks at a scene through a diverging lens
of focal length —12.5 cm. The lens forms a virtual image 5.0 cm from the
lens. Find the magnification of the lens.

d, =-5cm

f =-=12.5cm

d, =7

M=?

d = d. f _ (-5cm)(—12.5cm) _ (5cm)(12.5cm) _ +625 _ +8.330m
d —f (-5—-12.5) (-5+12.5) +75

or

M :_di — _(_5) :+O.6
d, (+8.33)

M ::]_—iz(]_——_5 ):( — 1 ):15 :§:O6
f -12.5 2.5 25 5



