Geometric Optics



Learning Goals

Looking forward at ...

* how a plane mirror forms an image, and why concave and convex
mirrors form images of different kinds.

* how images can be formed by a curved interface between two
transparent materials.

* what aspects of a lens determine the type of image that it produces.

* what causes various defects in human vision, and how they can be
corrected.

* how microscopes and telescopes work.



Introduction

* This surgeon performing
microsurgery needs a sharp,
magnified view of the
surgical site.

 To obtain this, she’s wearing
glasses with magnifying
lenses.

* How do magnifying lenses work?
* How do lenses and mirrors form images?

* We shall use light rays to understand the principles behind optical devices
such as camera lenses, the eye, microscopes, and telescopes.




Reflection at a plane surface

* Light rays from the
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Image formation by a plane mirror

After reflection, all rays
originating at P diverge
from P’. Because the
B rays do not actually pass
~ through P’, the image
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Triangles PVB and P'VB are congrueht,
so|s| = |s'].



Image formation by a plane mirror: Sign rules

\\.P,
<5 < 0—>] <.,

In both of these specific cases:

Object distance s is Image distance s’ is
positive because the negative because the
object is on the same image is NOT on the
side as the incoming same side as the
light. outgoing light.

s == (plane mirror)




Characteristics of the image from a plane mirror

°|na p|a ne mirror, For a plane mirror, PQV and P'Q'V are con-
. . gruent, so y = y’ and the object and image are
the IMage 15 the same size (the lateral magnification is 1).
virtual, erect, ;o

reversed, and the
same size as the
object.

. . fgpensens 20 7
Lateral magnification - i y'e Image height

in an image-forming situation = y 4 Object height



The image is reversed

* The Image formed by An image made by a plane mirror is reversed
d pIane mirror is back to front: the image thumb P'R’ and object
reverse d,' the ima ge thumb PR point in opposite dil:_‘ections (toward

) : ach other).
of a right hand is a cach other
left hand, and so on.

Object



Spherical mirror with a point object

For a spherical mirror,

* A spherical mirror

a + B = 2.
with radius of Point
curvature R formsa  object h
real image P’ of the a - .
point object P. p /C .
Center of Optic axis \
curvature Vertex
s and s’ are
both positive. & s’ >1
I s >l

—+ — = E (object—image relationship, spherical mirror)
S




General Sign conventions (mirror & lens)

* If the object point P is on
the same side as the
incident light, then s is
positive.

Center of curvature on
same side as outgoing
light: R is positive.

* If the image point P’is on
the same side as the
reflected light, then s’ is
positive.

Outgoing

R<0—>eC

Center of curvature not on
same side as outgoing

* If the center of curvature C *
is on the same side as the
outgoing light, then R is (j}‘g"i“g
positive.

light: R 1s negative.



Focal point and focal length

 When the object is very
far from the spherical <——R (positive) —
mirror, the incoming rays e A ¢

Focal
are parallel. i
= % __Po!

e The beam of incident |

parallel rays converges, - C 7
after reflection from the |
mirror, to a focal point, > 7 :
point F. |
- v |
* The distance from the B |

vertex to the focal point, < e
denoted by f, is called the Focal length” 5" = § = ¥

focal length.



Focal point and focal length

* With the object at the <K (posmve)ﬁ
focal point, the reflected = |
rays are parallel to the - |
optic axis. '

* The reflected rays meet < . —
only at a point infinitely Focal point |
far from the mirror, sothe |
image is at infinity. - |

2R
K—\ g

— 09
<
[N
\)



Image of an extended object: Spherical mirror

* Shown is how to determine the position, orientation,
and height of an image formed by a concave spherical
mirror.

The beige and blue triangles are similar, so the
lateral magnification is m = y'/y = —s'/s. The
negative value of m means that the image is inverted.
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Image formation by a convex mirror

* If the mirror is convex, so that R is negative, the
resulting image is virtual (that is, the image point is on
the opposite side of the mirror from the object),
erect, and smaller than the object.

As with a concave spherical mirror,
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Focal point and focal length of a convex mirror

* When incoming rays that <R (negative) —>
are parallel to the optic |
axis are reflected from a \\l/\\
convex mirror, they diverge — :\\ N
as though they had come ( o

from the virtual focal |
point F at a distance f s Virtual focal

: . N/ point
behind the mirror. A //
— l (

* The corresponding image |
distance s is negative. |




Focal point and focal length of a convex mirror

I
* When the incoming rays - : &
are converging as though w S

they would meet at the = f/‘\\ N\
virtual focal point F,then ., |~ “5g @ ¢
they are reflected parallel ,\ //j/
to the optic axis. - 2
| &7
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Graphical method of locating images

@ Ray parallel to axis reflects through focal point.
@ Ray through focal point reflects parallel to axis.

@ Ray through center of curvature intersects the surface normally
and reflects along its original path.

@ Ray to vertex reflects symmetrically around optic axis.



Graphical method of locating images

@ Reflected parallel ray appears to come from focal point.

@ Ray toward focal point reflects parallel to axis.

@ As with concave mirror: Ray radial to center of curvature intersects
the surface normally and reflects along its original path.

@ As with concave mirror: Ray to vertex reflects symmetrically around
optic axis.



Image of a point object at a spherical surface

g n np Ny — Ny (object—1mage relationship,
) s’ R spherical refracting surface)




Apparent depth of a swimming pool

n, ny .
N +—=0 (plane refracting surface) R—
Ky

* When light travels through
a plane surface between

two optical materials, the |
image has the same lateral
size (m =1) and is always 4\11

erect. n, = 1.33
(water) )
* s'=-5/1.33

* The apparent depth of a
pool is less than its actual
depth.

o




Lensmaker’s equation

/

R, is negative. (C, is on the opposite \ / R, is positive. (C, is on the same

v ~ e . \ 8 ’ 3
side from the outgoing light.) / \ /\ e eonsone D
\
\/

Radius of curvature Radius of curvature
of second surface: of first surface:

R, 0 R,
C2 y Pr Cl

P

s and s’ are positive,
SO m 1S negative.

——s—k v >

Object-image l 0 l — lk ------- Focal length

relationship, thin lens: xS s i of lens
Object distance Image distance

lnde;x of refraction of lens material
Lensmaker’s 1 Y 1 1
equation — = (n — 1)<— — —)
for a thin lens: f 51 152

Focal length  Radius of curvature ™ Radius of curvature
of first surface of second surface




Magnification

A
s and s" are both positive;
the image 1s inverted.
BANL2 &
(84 B y’
Q’

I< f S—s' — f—>
I< \) < s’ >l
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Types of lenses

* Shown below are various types of lenses, both converging and
diverging.

* Any lens that is thicker at its center than at its edges is a
converging lens with positive f; and any lens that is thicker at
its edges than at its center is a diverging lens with negative f.

1 I 1
/>0 7=(”‘”(§72) 7<0

Converging lenses Diverging lenses

Meniscus Planoconvex Double convex Meniscus Planoconcave Double concave

0>R >R R = R >0>R R >R >0 R =0 R, >0>R
0>R R, >0



Thin converging lens

Optic axis (passes Second focal point:
e Alens is an optical System through centers of the point to which
. th t f ti curvature of both incoming parallel
Wi WO refracting lens surfaces) rays converge

surfaces. A

* The simplest lens has two
spherical surfaces close
enough together that we
can ignore the distance
between them; we call this
3 thin Iens. Focal length-------"-'-‘-’ ...............

e Measured from lens center
» Always the same on both sides of the lens
e Positive for a converging thin lens




Thin converging lens

* Rays passing through the first focal point F; emerge from
a converging lens as a beam of parallel rays.

First focal point: Rays f—= P

diverging from this \

point emerge., = o

from the ¥ \ >

lens parallel F, / F,

to the axis. = >
/ = e

<—f—>k—f—>

* fis called the focal length.



Image formed by a thin converging lens

o - A , N
s and s" are both positive;
the 1image 1s inverted.

y
F| Fy '
P . L p P
o IB y,
Ql
<—f f——=s — [

S \) < s’ >

Object-image l l — l ------- Focal length
relationship, thin lens: .S 5L f = of lens

Object distance

Image distance



Thin diverging lens

* When a beam of parallel Second focal point: The point
rays is incident on a from which parallel incident

. . pos 8
diverging lens, the rays rays appear to diverge

*

diverge after refraction. : v //:: 7

* The focal length of a —>F20s§:: o>
diverging lens is a negative —= =
quantity, and the lens is — =

also called a negative lens.

<—f——>—f—>

For a diverging thin lens, f1s negative.




Thin diverging lens

* Incident rays converging toward the first focal point F,
of a diverging lens emerge from the lens parallel to its
axis.

First focal point: Rays
converging on this point
emerge from the lens

parallel to the axis.
I = ;
N I

~
~
—

~

-
/

\\//
YYYYY

< f—>k



Graphical methods for lenses

* Shown below is the method for drawing the three principal rays for a
real image formed by a converging lens.

e D> A
I O | r, ,

@ Parallel incident ray refracts to pass through second focal point F,.

@ Ray through center of lens does not deviate appreciably.

@ Ray through the first focal point /', emerges parallel to the axis.



Graphical methods for a diverging lens

@ Parallel incident ray appears after refraction to have come
from the second focal point F,.

@Ray through center of lens does not deviate appreciably.

@Ray aimed at the first focal point /| emerges parallel to
the axis.



Example

Lens A Lens B

3, 14,2’
- 3/
I
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3 F, F! |
F 3 | F}
I
2/
‘ 3, 1/
\ ’ 2 /
I
< 12.0 cm>k——24.0 em ——>&12.0 cm >k12.0 cm >
-8.0->K-8.0- <6.03/<6.03]
cm cm cm cm
36.0 cm
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Cameras

 When a camera is in proper focus, the position of the electronic
sensor coincides with the position of the real image formed by the
lens.

Real image Shutter To adjust for different object

distances, the image distance

is changed by moving the lens
g in or out.

Electronic
sensor

Aperture-control Object
diaphragm

The lens forms an inverted, usually reduced, real
image, in the plane of the electronic sensor.



Camera lens basics

Changing the diameter by a factor of /2
changes the intensity by a factor of 2.

e The focal length f of a camera lens is the
distance from the lens to the image when
the object is infinitely far away.

* The effective area of the lens is controlled
by means of an adjustable lens aperture, a —_—
nearly circular hole with diameter D. Adjustable J/4 aperture /-numbers

mean a
smaller
aperture.

diaphragm
* Photographers commonly express the N

light-gathering capability of a lens in terms
of the ratio f/D, called the
f-number of the lens:

f/8 aperture

domrres Focal length of lens

f-number of a lens = —— .
D ¢ Aperture diameter



The eye

* The optical behavior of the eye is similar to that of a

camera.
Contraction of the ciliary === » Ciliary
muscle causes the lens to muscle

become more convex,
decreasing its focal
length to allow

near vision.

Crystalline
lens

Iris ( / / f
Pupil \ ‘

: X
Object i
4 Cornea Aqueous humor




Defects of vision

* A normal eye forms an image

In the myopic (nearsighted)

on the retina of an object at Rays from

infinity when the eye is distant object

relaxed. <<
=

eye, the eyeball is too long
from front to back in

comparison with the radius of
curvature of the cornea, and
rays from an object at infinity

are focused in front of the
retina.

Eye too long or cornea
too sharply
G

... rays focus in

front of the
\

7




Nearsighted correction

* The far point of a certain myopic eye is 50 cm in front of the eye.

* When a diverging lens of focal length f = -48 cm is worn 2 cm in front
of the eye, it creates a virtual image at 50 cm that permits the wearer
to see clearly.

When the object distance is infinity, all
Object at rays are parallel to the axis and the

infinity

— — |




Farsighted correction

* A converging lens can be used to create an image far
enough away from the hyperopic eye at a point where
the wearer can see it clearly.

Image not

N;arby //;;;:??"" TN focused
object -
) y/ \\| on retina

Farsighted people have l\ . \
. . [ |\ %
trouble focusing on nearby \ \1\,

r o

objects. A converging lens N s
creates a virtual image at or Hyperopic eye l&( /// )
N . R =7
beyond the eye’s near point. .
T - CC Converging lens o Image
S,  focused
I . ' A\ on retina
> e
¥\If L




Angular size

* The maximum angular size of an object viewed at a
comfortable distance is the angle it subtends at a
distance of 25 cm. 7

25cm

0 =~ tanf =

\ r " A When the inchworm is at the eye’s near
& % o 4 point, its image on the retina is as large
' as it can be and still be in focus.
At the near point, the inchworm
subtends an angle 6. N

=

s = 25cm




The magnifier

* The angular magnification of a simple magnifier is:

M= 070= (25 cm)/f.

~With a magnifier, the inchworm can be placed
closer than the near point. The magnifier
Creates an enlarged, upright, virtual image.

When the object is placed at -
the magnifier’s focal point,
the image is at infinity.

- Parallel




The compound microscope

Eyepiece

Eyepiece

o b .The objective forms a
7 e real, inverted image /
Object inside the focal point
\\\\\ F, of the eyepiece.

\\\
The eyepiece uses the
. source 3

\
WY

.. image I as an object
51 Objective ,nd creates an enlarged,
\G k2 Fy £ virtual image I (still
e inverted).
N — > % 2 & \
h ‘ o I
\/

\
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The astronomical telescope

* The figure below shows the optical system of an astronomical
refracting telescope.

Objective lens

e e e

il
i{»\%

The objective forms a real,

inverted image / of the distant L ///’/:’/ -V .

object at its second focal point Objective BB ‘Eyepiece

F{, which is also the first focal Pat .z The eyepicce USes Hnage 1 l? f.o.rm

point F, of the eyepiece. 'fl nmgmf'n:dt Vll‘l%l‘d] image /' (still
g inverted) at infinity.




The reflecting telescope

* The Gemini North telescope uses an
objective mirror 8 meters in
diameter.

Starlight

¥ AN

Secondary
mirror (in

Concave
objective mirror =

Eyepiece

This is a common design

for large modern telescopes.
A camera or other instrument
package is typically used
instead of an eyepiece.

objective
mirror
Reflection of

secondary
. mirror




Example: In a telescope, the objective lens forms a real, reduced
image | of the object. This image is the object for the eyepiece,
which forms an enlarged, virtual image of | which is at infinity (for
mast comfortable viewing by a eye).

9="2 and 9'=2
A f
o f

angular magnification M = — = —-=L (-ve for the inverted final image)
2

Objective lens

The objective forms a real,
inverted image / of the distant
object at its second focal point
F{, which is also the first focal I at - The eyepiece uses image / o form

a magnified, virtuz 1I image /' (still
inverted) at infinity.

Objective P Eyeplecc

s

point F, of the eyepiece.

infinity //,
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