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Chapter 1

" The laws of geometric optics and image formation

:Chapter Outline

> Reflection -

» Refraction .ss

» Dispersion and Prism

» Total internal reflection

» Images formed by flat mirror

» Images formed by spherical mirrors

» Images formed by refraction,

> Thin lenses
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In optics, geometric optics deals with the study of light behavior based on the principles of
geometry. Here's a brief explanation:
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Law of Reflection:

BVl ygils: Al 3300
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States that the angle of incidence is equal to the angle of :

reflection.
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When light reflects off a surface, the incident ray, reflected
ray, and normal to the surface all lie in the same plane.
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Law of Refraction Snill’s law:
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Describes how light bends as it passes from one medium to another.

Snell's Law quantifies this behavior, stating that P
the ratio of the sine of the angle of incidence to n; LSO ol
the sine of the angle of refraction is constant for a V) | csallde

particular pair of media. e1
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Image Formation: d)
y9eall (1983

Describes how images are formed by lenses and mirrors.
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In a concave mirror or converging lens, real and inverted images can be formed. In a convex mirror
or diverging lens, virtual and upright images are formed.
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These laws and principles are fundamental in understanding how light interacts with various optical
elements, leading to the formation of images.
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The field of geometric optics: e o e a G

involves the study of the propagation of light, with the assumption that light travels in a
fixed direction in a straight line as it passes through a uniform medium and changes its
direction when it meets the surface of a different medium or if the optical properties of
the medium are non-uniform in either space or time. D L s
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A plane wave of wavelength A 1s incident on a barrier in which there is an opening of
lambda (A)

diameter d. (itas s § Byl amd kil ge S8 desll Jsb CSS 13
(a) When (A<<d), the rays continue in a straight-line path.
Ladl ge lajsye dymg Olshl aas , Hhill ge LB gslwe doshl dsb B 13 Ll
(b) When (A = d), the rays spread out after passing through the opening.
JisS Olese Gl GRE saasS il Span il ga S dzskl Jsb <3S b §
(c) When (A >> d, the opening behaves as a point source emitting spherical waves.
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> Reflection:

When a light ray traveling in one medium encounters a boundary with another
medium, part of the incident light 1s reflected.

* Ifthe several rays of a beam of light incident on a‘smooth, mirror-like, reflecting
surface, the reflected rays are parallel to each other.

2 Al ¢ pa glad Caalial Ladie
Fat] Bae il 13 = e A Jany ga 13508 3al g Loy
s suall glad . SO g (@ el o o5 Sl
And acls B ) b)
SESTRLBRE
O LSle ol 5o S
FSaiall Al /
4 sie 0SS
pard) Lgaan],

‘ (<) (e}

(a) specular reflection, where the reflected rays are all parallel to each other,

(b) diffuse reflection, where the reflected rays travel in random directions.

Al Sy

(c) and (d) Photographs of specular and diffuse reflection using laser light.
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* Reflection of light from such a smooth surface is called specular reflection.

* If the reflecting surface is rough, the surface reflects the rays not as a parallel
set but in various directions. Reflection from any rough surface is known as
diffuse reflection.

* The Law of reflection

Consider a light ray traveling in air and incident at an angle on a flat, smooth

Surface. Specular Reflection

v’ The incident and reflected rays make angles 0, and 0,, where the angles are measured
between the normal and the rays.

(The normal is a line drawn perpendicular to the surface at the point where the incident

ray strikes the surface.)

MNormal
Experiments and theory show that: Incident i Reflected
ey =y
|
I
The angle of reflection equals the angle of incidence i
II‘-'I-I II‘-'I.I.
f']l_"“"H
I
B, =8 I




> Refraction: < g

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

part of the energy is reflected and part enters the second medium. The ray that enters the
second medium is bent at the boundary and is said to be refra

Incident MNormal Reflected
ray I ray
|
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Saial) &l o | 8
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Air |
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Thelincident ray, the reflected ray, and the refracted ray all lie in the same plane.
The angle of refraction, 0, , depends on the properties of the two media and on the

angle of incidence through the relationship < A 1

_ = —— = constant
sin o
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(a) When the light beam moves from air (speed is high) into glass (speed is lower) (v,>v,),

the light slows down on entering the glass and its path is bent toward the normal.

(b) When the beam moves from glass into air (v, <v,), the light speeds up on entering
the air and its path is bent away from the normal.
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*  When light travels in air, its speed 1s 3.00 x10® m/s but speed is reduced to
approximately 2 x10® m/s when the light enters a block of glass. When the light
re-emerges into air, its speed instantaneously increases to its original value of 3x108% m/s.
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* ndex of Refraction:
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,the speed of light in any material is /ess than its sp€ed in vacuum. In fact

light travels at its maximum speed in vacuum. It j
refraction n of a medium to be the ratio

speed of light in vacuum €

n
speed of light in a medium l

convenient to define the index of

The index of refraction is a dimensionless number greater than -
unity because v is always less than c. Furthermore, 7 is equal

to unity for vacuum \1 e oS 6 LSV Jalza
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v As light travels from one medium to another, its frequency does not

change but its wavelength does. A
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If medium 1 is vacuum, or for all practical purposes air, then n:=1. Hence, it then the

index of refraction of any medium can be expressed as the ratio

where A 1s the wavelength of light in vacuum and A.1s the wavelength of light in the
medium whose index of refraction is 7.

we see that because n>1, A, <A

Snell’s law of refraction

sin Ay s

sin #, (i
Aj i &/ My My
As Uy &/ ng mn)
ny sin @, = nesin s

Index of Index of
Substance Refraction Substance Refraction
Sohids at 20°C Ligquads at 20°C
Cubic zirconia 2.20 Benzene 1.501
Diamond (C) 2419 Carbon disulfide 1.628
Fluorite (CaFa) 1.434 Carbon tetrachloride 1.461
Fused gquartz {Si0y) 1.458 Ethyl alcohol 1.361
Gallinm phosphide .50 Glyeerin 1.473
Glass, crown 1.52 Water 1.333
Class, flint 1.66
Ice (HyO) 1.500 (Crases af 0°C, 1 aitm
Polysiyrene 1.4% Adr 1000 203
Sodium chloride (NaCl) 1.544 Carbon dioxide 1.000 45




Example 1:

A beam of light of wavelength 550 nm traveling in air is incident on a
slab of transparent material. The incident beam makes an angle of 40.0°
with the normal, and the refracted beam makes an angle of 26.0° with
the normal. Find the

index of refraction of the material.

:Solution
Using Snell’s law of refraction with these data, and taking n, =1 for air, we have

nysinf#y = nysin By
01
— iy Sin _ sin 40.0°
Air "7 sin f = (1.00) sin 26.0°
0.643 _
02 ~ oass

Transparent material
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Example 25.4 Angle of Refraction for Glass

A hght ray of wavelength 589 nm waveling through air is

incident on a smooth, flat slab of crown glass at an angle of
30,07 w the normal, as skewched in Figure 35.15. Find the

An |_LI;IE of refracoon.

Solution We rearran ge Snell’s law of refracdon to obrain

sin =L gin #,
Ry
From Table 35.1, we find that m; = 1.00 for air and

ny = 1.52 for crown glass. Therefore,

1.00)
sin fs = ( )sin 30.0° = 0.329

1.52
iy = sin” '(0.320) = 19.2°

Because this is less than the incident angle of 307, the
refracted ray 1s bent toward the normal, as expected. lis

Incident

Normal
ray |
" |
\ l
a007
% '{f,.,—'-l
\ |
:ﬁr Nll".dl
Glass

Dr. Naglaa Abdel All, PHY 240
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Example 25.5 Laser Light in a Compact Disc

A laser in a compact disc playver generates light that has a
wavelength of 780 nm in air.

(A) Find the speed of this light once it enters the plastic of
a compact disc (n = 1.55).

Solution We expect to find a value less than 3.00 % 10° m/s
because n > 1. We can obtain the speed of light in the plasoc
by using Equation 35.4:

y:—ﬂzg'mxlﬂﬂmfs —I': lgdxl[iﬂm,-"s

1 1.55

(B) What is the wavelength of this light in the plastic?

Solution We use Equanon 35.7 w calculate the wavelength
in plastic, notng that we are given the wavelength in air o
be A = 780 nm:

A 780 nm _
M= T TRy M8m

Dr. Naglaa Abdel All, PHY 240
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> Dispersion and Prism:
\_JJM‘} ¢ guall i
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Dispersion means the index n va

passing through the material.

n

* Snell’s law of refraction indicates that S
light of different wavelengths is bent at 1.52
different .50
angles when incident on a refracting

* The index of refraction generally LA

material.
decreases with increasing wavelength. 1.46

S ST Jalae dad Lagae
> sall Jshall 3ah ) ae J5

ies with the wavelength of the light

“rpwn| glags

Acrylic

sl quarts

400

500

600

A, nm

violet light bends more than red light does when passing into a

refracting material.

TN
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* To understand the effects that dispersion can have on light,

consider

?what happens when light strikes a prism

* A ray of single-wavelength light incident on the : _
prism from the left emerges refracted from its * =5
original direction of travel by an angle 3, called |
the angle of deviation.

a beam of white light (a combination of all visible wavelengths) is
incident on a prism. The rays that emerge spread out in a series of
.colors known as the visible spectrum

v These colors, in order of decreasing wavelength, are red,

, green, blue, and violet. Clearly, the angle of deviation &
depends on wavelength.

’

Newton showed that each color has a particular angle of
deviation and that the colors can be recombined to form the

.original white light



The dispersion of light into a spectrum is demonstrated most vividly

in nature by the formation of a rainbow.

White light enters a glass prism at
the upper left.

A reflected beam of light comes out
of the prism just below the incoming
beam.

The beam moving toward the

lower right shows distinct colors.

Different colors are refracted at
different angles because the index of
refraction of the glass depends on
wavelength.

Violet light deviates the most; red

light deviates the |east.



how a rainbow is formed?

A ray of sunlight (which is white light) passing overhead strikes a drop

:of water in the atmosphere and is refracted and reflected as follows

* Sunlight at first refracted at the front surface of the . Sunlight
drop, with the violet light deviating the most and the .
red light the least. .

« At the back surface of the drop, the light is reflected

and returns to the front surface, where it again
undergoes refraction as it moves from water into air. L._,.,_---"i__—__;_j:::f’-’-’-ﬁ- :
- The rays leave the drop such that the angle between e
the incident white light and the most intense
returning violet ray is 40° and the angle between the
Th\é\ghgr%g?lhgr?gﬂlg]re drri\f?(se’i_(iangggsgerte"’cvuggi# hrgdrgiﬁli%ing rays causes

42°.
us to see a colored bow.



Example 35.7 Measuring n Using a Prism

Although we do not prove it here, the minimum angle of
deviation &y for a prism occurs when the angle of inci-
dence #) is such that the refracted ray inside the prism
makes the same angle with the normal to the two prism
faces,' as shown in Figure 35.25, Obtain an expression for
the index of refraction of the prism material.

Figure 35.25 (Example 35.7) A light ray passing through a
prism at the minimum angle of deviation &,

Solution Using the geometry shown in Figure 35.25, we
find that fi; = ®/2, where @ is the apex angle and

Ern'm

® ®+5,
beterus—a =
IR e 9

From Snell’s law of refraction, with n; = 1 because medium
| is air, we have

sin ) = nsinfs
D + 8
sin (Tmm) = nsin(®/2)
. (ft’ 2 Smin)
sin TR
= 30.9
2 sin(®,/2) 1859)

Hence, knowing the apex angle ¢ of the prism and measur-
ing Smin, we can calculate the index of refraction of the
prism material. Furthermore, we can use a hollow prism to
determine the values of n for various liquids filling the
prism.

Dr. Naglaa Abdel All, PHY 240

18



> Total internal reflection:
SR KD Sy 7

(a) Rays travel from a medium of index

of refraction n:1nto a medium of index of refraction #.,
where n.<n..

As the angle of incidence 0. increases, the

angle of refraction 0.increases until 0.1s 90° (ray 4).
For even larger angles of incidence, total internal
reflection occurs (ray 5).

(b) The angle of incidence producing an angle of

refraction equal to 90° 1s the critical angle 0..

Mormal

Mormal
|

|
|
|
|
|
|
|
|
|
|
Ra |
. }

3 HI-l
|
[
[

{1l

For angles of incidence greater than 0., the beam is entirely reflected

at the boundary, (ray 5)
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Critical angle for total internal
GVeeﬂCEemC—EIS%%nell’s law of refraction to find the critical angle. When 6.

= 0, KT ek
—_— o - i
0= 90 ny sin @, = ng sin 90° = ng K PPRENKI| gl N
sin ;= L2 (for ny = na) /d‘t’“ by
a e S o LSl
LS Jalaa
S da )

* This equation can be used only when n.is greater than n
« Total internal reflection occurs only when light is directed from a
medium of a given index of refraction toward a medium of lower

index of refraction.
sinf. >1; this is a meaningless result because the sine of an angle

.can never be greater than unity
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Example 35.8 A View from the Fish's Eye

Find the critical angle for an air-water boundary. (The
index of refraction of water is 1.33.)

Solufion We can use Figure 35.26 to solve this problem,
with the air above the water having index of refraction
nz and the water having index of refraction nj. Appljﬂ'ng

H
—_—

-
h N
-0
.

Figure 35.28 (Example 35.8) What If? A fish looks upward
toward the water surface.

Equation 35.10, we find that

What If? What if a fish in a still pond looks upward toward
the water's surface at different angles relative to the surface,
as in Figure 35.287 What does it see?

Answer Because the path of a light ray is reversible, light
traveling from medium 2 into medium 1 in Figure 35.26a
follows the paths shown, but in the offosife direction. A fish
looking upward toward the water surface, as in Figure 35.98,
can see out of the water if it looks toward the surface at an
angle less than the critical angle. Thus, for example, when
the fish’s line of vision makes an angle of 407 with the
normal to the surface, light from above the water reaches
the fish's eye. At 48.8°, the critical angle for water, the light
has to skim along the water’s surface before being refracted
to the fish's eye; at this angle, the fish can in principle see
the whole shore of the pond. At angles greater than the
critical angle, the light reaching the fish comes by means of
internal reflection at the surface. Thus, at 607, the fish sees a
reflection of the bottom of the pond.

Dr. Naglaa Abdel All, PHY 240
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5. Images formed by flat mirror:

We considering the simplest possible mirror, the flat mirror.

* apoint source of light placed at O.

A.u:ujS.u‘_fS\ ) sall

4, ginsa 3] ye aladiul

N_

a distance p in front of a flat mirror which is called the object distance.

Light rays leave the source and are reflected from the mirror.

|-'ll—llr.'-'—l-=-i—-!'_|'—lr-l
e i
el o
*\.-- _.'_,-___.r..-"
il ’.ﬂ':-‘"
T
: -
Mirror

An image formed by reflection from a

from the mirror (the image distance).

flat mirror.

The 1image point I 1s located behind the mirror a perpendicular distance q

The image distance q has the same magnitude as the object distance p.
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» Images are classified as real or virtual :

* Areal image is formed when light rays pass through Jpirro
and diverge from the image point. ) A :
* virtual image is formed when the light rays do not pass "?_H: ¥ .
through the 1mage point but only appear to diverge “}mr_‘:‘
from that point. L8~

The image of an object seen in a flat mirror is always virtual.

Real images can be displayed on a screen (as at a movie).

> A geometric construction that is used to examine the properties of the
images of extended objects formed by flat mirrors.

. . : : : I q P’
* The image distance q behind the mirror is Ve e ;
equal to the object distance p in front of a l,lh‘ | A Ral |

flat mirror. |p| =|q|

Object H._I'a Image
* The object height h equals the image height h’
h=h’




* Lateral Magnification of an image as follows:

Image height &

~ Object height &

For a flat mirror, M = | for any image because h’ = h.

» We conclude that the image that is formed by a flat mirror has the
following Properties:

 The image is as far behind the mirror as the object is in
front.
 The image is unmagnified, virtual, and uprigl

 The image has front-back reversal.




6. Images formed by spherical mirror

A spherical mirror has the shape of a section of a sphere. This type of

mirror focuses incoming parallel rays.

* Concave Mirrors [ - >\/

* Convex Mirrors

Convex mirror Concave mirror

C: the center point of the sphere

r: radius of curvature (the radius of the sphere)

F: the focal point of the mirror (halfway between C
and the sphere)

f: the focal distance, f = r/2


Esraa
Callout
عدسة مجمعة
مراة مقعرة

Esraa
Callout
عدسة مشتتة


> (Concave Mirrors

light 1s reflected from the mner (concave surface).
The mirror has a radius of curvature R, and its center
of curvature 1s point C. Point V' is the center of the
spherical section, and a line through C and V'1s called

the principal axis of the mirror.

Mirror

Center of
curvanire

|
'
Principal
axis

concave spherical mirror,

* A point object placed at point O in front of a

* where O is point on the principal axis
farther than R from the mirror surface.

* Reflected rays forms a real image at /.




Ray Diagrams for Concave Mirrors

S Lo sad s A 42V ¢

The ray comes in parallel to the

optical axis and reflects through
N

-

the focal point.

e
The second ray comes through the

focal point and reflects parallel to
ey

the optical axis.

* The third ray comes through the center point of the sphere

and reflects in the same direction.

-

e )
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Callout
انواع الاشعه مهمة جدا خصوصا بالرسم


Image formed by Concave Mirrors

4
/\ When the object is located at infinite , the image is
\/b real, inverted, and very very small at focal point.

5 seall 585 ARl (A 1D s pasall 055 Laie|
DS A ddads die 13a 13 B e s Ay sl Adia

—

When the object is located at distance larger
—_— * than twice of the focal point, the image is

real, inverted, and small.
adats Camaca (e ST dilise o anal) () S Ladic

S iy i sl i 5 gl (555 5850

o When the object 1s located at distance equal
\ c twice of the focal point, the image is real,
|

| > 1nverted, and equal the object.
(§sbed Al o pnall (555 Ladie

3y gall S8 ¢ 1S yill Adadh Camin
pond) (5 gl g oo slaa (dgniaa



Esraa
Callout
عندما يكون الجسم موجودًا في اللانهائية، تكون الصورة حقيقية، مقلوبة، وصغيرة جدًا جدًا عند نقطة التركيز

Esraa
Callout
عندما يكون الجسم على مسافة أكبر من ضعف نقطة التركيز، تكون الصورة حقيقية، مقلوبة، وصغيرة.

Esraa
Callout
عندما يكون الجسم على مسافة تساوي ضعف نقطة التركيز، تكون الصورة حقيقية، مقلوبة، وتساوي الجسم


Image formed by Concave Mirrors

[

e

When the object 1s located between the focal
point and curvature center of a concave
mirror surface, the image is real , inverted ,

and enlarged.  S{ILE 015 e aall oS Lavic
o]JAc.L.uJ;hMY\)SJAJJASJJ\
gl a5y pall (55 € yad

5 3Sa g

When the object i1s located between the
focal point and a concave mirror surface,

the image is virtual, upright, and enlarged.
O 135 ga a5 Ladie

N\—‘BWD‘fC-LMJ)SJJ\m_
‘W‘@AAJBJ}A\Q)SS

B)éSAJ



Esraa
Callout
عندما يكون الجسم موجودًا بين نقطة التركيز ومركز الانحناء لسطح مرآة مقعرة، تكون الصورة حقيقية، مقلوبة، ومكبرة

Esraa
Callout
عندما يكون الجسم موجودًا بين نقطة التركيز وسطح مرآة مقعرة، تكون الصورة وهمية، مستقيمة، ومكبرة


Concave Mirrors

Mirror equation in terms of radius of curvature

The 1image formed by a spherical concave mirror when the object O lies outside
the center of curvature C.

.'T -
tan@=1
- .jhll "
tan & = —— il B i g .
. 0 R
]‘l'infip;{I/ A e |
AX1S = .
M=2=_4 —
h
£ R
f o g +
& = ’
D
—__F"__R-q_aq||] I 2|— .
" R-q||p __F'—R __F' — 4+ — — — || Murror equation




when the object 1s very far from the mirror:

Light rays reflect from a concave mirror through the focal point F.
The 1mage point is halfway between the center of curvature and the center
point on the mirror.

the image distance g = R/2 = f, where f1s the focal length of the mirror.

i 1 2 i -
—_—— = r ;
P g R / \
If the object 15 very far From the murror: 4 - \"
p 13 50 mmch greater than R that p can 3 o &
be zaid to approach infinity: \
"-1' II
I . LN
p—o = ——=0 - /
_.,H 3 ) !
R | . P
f —_— __f__ﬁ?lf‘ﬂffl?—i‘ilg?h Focal point always postive
_'? focal point negative g e g
The mirror equation can be expressed 1 I 1 ; i i

i terms of the focal length: - —

p q f



Esraa
Cross-Out

Esraa
Cross-Out

Esraa
Cross-Out

Esraa
Cross-Out


Image formed by Convex Mirrors

* Light is reflected from the outer, convex surface.

This is sometimes called a diverging mirror because the rays from any point on

an object diverge after reflection as though they were coming from some point

behind the mirror.

focal Point positive

Front

Back

0 \
e e

H‘

hadl (e ¢ guall uSals
leale Gl g canall o Al
8 e anl la¥) [y 8

O da AT 2aEY) Y dmiie
O el CuilS ) LS ulSany)
31 yall alX ddasy

When the object is in front of a convex mirror, the image is:
virtual, upright, and reduced in size.

%,A_}Aﬁj DJM‘
b pas 5 Aldiza



Esraa
Callout
تنعكس الضوء من السطح الخارجي المحدب. ويُطلق عليها في بعض الأحيان اسم مرآة متشعبة لأن الأشعة الخارجة من أي نقطة على الجسم تتشعب بعد الانعكاس كما لو كانت قادمة من نقطة خلف المرآة

Esraa
Highlight

Esraa
Callout
الصورة وهمية, معتدلة, و مصغرة


we can use the same Equations for either concave or
convex mirrors

Fromt

y

R

Y
4 »

Back

M- __2a

h P

A { 2
—|— —

r g R

Y A |
-+ —

p g f

_I\ -

N

B~
|
I F

Sign conventions for object and image distances,

Front, or
real, side

frand g positive
- -
Incident light

-
Reflected light

Back, or
virtual, side

fand g negative

No light

Convex or
CONCAYE MIrror



Sign Conventions for Mirrors

Quantity Positive When Negative When
Object locaton (f) Ohbject is in front of Ohbject is in back

mirror (real object)
Image location (g) Image 1s in front of
mirror (real image)
Image height (h')
Focal length (f)
and radius ( K)

Magnificanon (M)

Image is upright
Mirror is concave

Image is uprnght

/‘ﬂ G

Zeaa : ~ H
Principal axis 3 F, v
r Front o Back
* B’

of mirror (virtual object
Image 1s in back of

mirror (virtual image )
Image is inverted
Mirror is convex

[mnge 15 inverted

34
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Ray diagrams for spherical mirrors, along with corresponding
photographs of the images of candles

1_] __-
o C
k)
;f’ Front Back
|
- 1
s i
F
T
2 .
“.-\--\_-\--\-_\"\_
s okl Y0 B
0 i F C o
."-_J
&
Front Back E_;

Phatng




7. Images formed by refraction

Consider two transparent media having indices of refraction n, and n,,

where the boundary between the two media 1s a spherical surface of

radius R.
n, sin@, =n,sin@, ——F——
“— >

Because 0, and 0, are assumed to be small,

we can use the small angle approximation

sin @ ~0 (angle in radians)




7. Images formed by refraction

n,0, =n,0,
0, =a+pf
p =0,+y

no+nf =n,f-n,y

na+n,y :(nz - hy )ﬁ




7. Images formed by refraction

For a fixed object distance p, the image distance q 1s
independent of the angle that the ray makes with the axis.



Sign convention for refracting surfaces

* pis positive if object is in front of surface (real object)
* pis negative if object is in back of surface (virtual object)

* (is positive if image is in back of surface (real image)
* (is negative if image is in front of surface (virtual image)

* Rs positive if center of curvature is in back of convex
surface.

* Ris negative if center of curvature is in front of concave
surface.




Flat refracting surfaces

P

q

If a refracting surface 1s
flat, then R is infinite

W
/" (%
7/
2NN
e
’ \
’ 7 \
/’ ’ [N RN
. / \ \\
7/ 7 \
AY
/’ ,l ‘\ \\ 3
e
v / \ ~
// \\

if R— o
n, n |
1 + 2 — 0 ! p
P 4 _n,
q=r nfp
M 1
P q the image formed by a flat refracting surface is on

the same side of the surface as the object.




8. Thin lenses

Simplified geometry for a thin lens

A ;

r
Double Planoconvex Convex Pri cipal@

convex meniscus
(a) Converging lenses Y

Diverging lens Y
R}
r
Principal axis \B

Double Planoconcave Concave
concave meniscus 7' s

(b) Diverging lenses




8. Thin lenses

* Light passing through a lens experiences refraction at two surfaces.

* The image formed by one surface serves as the object for the second

surface.
-, .
I =0 A A
1 . 2 Ol] S&l}f@@‘e 1 Su;face 2
AN n _

| ‘ 1,
< >| l I
P i / Y

- o

q, y-‘ >
’ e )

P> | VE



=l
n, n n,-n R,
1% M L A >
R 1 =% Surface 1 2
— T

The image I, formed by - Y
surface 1 satisfies the Equation: ) t |
: 4 !
1 + n :n- 1 . P> >§( VE} )i

P 4, R,

We apply the same equation to surface 2, taking n, = n and n, = I (we make this

switch in index because the light rays approaching surface 2 are in the material of
the lens, and this material has index n.):

n_. 1 I-n p2>0}
P 9. R q,<0

P, =-q, %t t: the thickness of the lens

:For thin lenses, we can neglect t pZ — - ql




+— = —
P 9 R, p2 - ql

n I I-n
- -+ -_—
q, 9> R,
+
I n n-1
L 1+1:_1)[1_1]
P, 4, R] P 4 ;R
:For thin lens _ B @ R
1,1, 1)[i- i] i A
P 4 ; R - 7

This equation 1s valid only for paraxial rays
and only when the lens thickness is much
less than R, and R.,.

A

j: .'=|..




The focal length f of a thin lens is the image distance that corresponds
to an infinite object distance.

q— f when p—o oo TF ;
p— ® \:rq_»f i
4
1 1 1 1
Ll L. L :
P q R, R, s
< f >
»

The lens makers’ equation
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Ray diagrams for thin lenses

A
0 S
r>f 2 F, I
K > |
p J ¢
:( >
Front Back

- Ray 1 is drawn parallel to the principal axis. After being refracted by the lens,
this ray passes through the focal point on the back side of the lens.

- Ray 2 is drawn through the center of the lens and continues in a straight line.

- Ray 3 is drawn through the focal point on the front side of the lens and emerges
from the lens parallel to the principal axis.




Ray diagrams for thin lenses

’
’/
4
7
\ 4

__________________________________

p<f

Ray 3 is drawn as if coming from the focal point and
emerges from the lens parallel to the principal axis.




Ray diagrams for thin lenses

Diverging lens

A 4

Front Back




8. Thin lenses

p is positive if object is in front of lens (real object).
p is negative if object is in back of lens (virtual object).

q is positive if image is in back of lens (real image).
g is negative if image is in front of lens (virtual image).

R, and R, are positive if center of curvature is in back of lens.
R, and R, are negative if center of curvature is in front of lens.

fis positive if the lens is converging.
fis negative if the lens is diverging.




Magnification of image

M:h_=-g
h p

M is positive, the image is upright and on the same side of the lens as the
object.
M is negative, the image is inverted and on the side of the lens opposite

the object.



Combination of thin lenses

If two thin lenses are used to form an image, the system can be treated
in the following manner:

1. the image formed by the first lens 1s located as 1f the second lens
were not present.

2. the image formed by the first lens 1s serving as the object for
the second lens.

3. A ray diagram 1is drawn for the second lens.

4. the second 1mage formed is the final image of the system.

Ll] L2
A A
A
I O ® — —o"
0, F, FF | F
v v




Combination of thin lenses

If the image formed by the first lens lies on the back side of the second
.Lens, that image is treated as a virtual object for the second lens (p <0)

.The same procedure can be extended to a system of three or more lenses

:The overall magnification of a system of thin lenses
M = Final image's height
Object's height

Example: Consider a system of three thin lenses:

1y = Final image's height _ h,
Object's height h,
h h, :
VLR
h h b

M =




Combination of thin lenses

h, =h, :the image formed by the first lens is serving as the object
for the second lens.

h, =h, : the image formed by the second lens is serving as the object

for the third lens
b by
M = . X Xh M =M, XM, XM, (for a system of 3 lenses)
1 2 3

In general, the overall magnification of a system of n thin lenses equals
:the product of the magnifications of the separate lenses

M =M, XM, X...XM,
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