PURDUE D) epaRTMENT OF Physics

Physics 42200
Waves & Oscillations

Lecture 31 — Geometric Optics
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Two Lens Systems
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* Ignore the first lens, treat s;; as the object distance for

the second lens. Calculate s;, using
1 1 1
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Example: Two Lens System

An object is placed in front of two thin symmetrical coaxial lenses
(lens 1 & lens 2) with focal lengths f,=+24 cm & f,=+9.0 cm, with a

lens separation of L=10.0 cmm. The object is 6.0 cm from lens 1.
Where is the image of the object?
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Example: Two Lens System

An object is placed in front of two thin symmetrical coaxial lenses
(lens 1 & lens 2) with focal lengths f, = +24 ¢cm and

f, = +9.0 cm, with a lens separation of d = 10.0 cm. The
object is 6.0 cm from lens 1. Where is the image of the object?

Lens 1: 1 1 1
+ m) s, =-8cm
1

fl So1 Si

Image 1 is virtual.
Lens 2: Treatimage 1 as O, for lens 2. O, is outside the focal point of
lens 2. So, image 2 will be real & inverted on the other side of lens 2.

Sgp =L+ |s;] ™ s, =18.0cm

l _ i 4 i Image 2 Is real.

fZ So1 Si1 Magnification: M= (— =5 Cm) (— 18cm) = —1.33

6cm 18cm




Another Example

1 ‘Fol Fil 1_702 Fi; ‘n‘
0 < fi fr > g )2 ll
So1 d So1

e Parameters:

— Focal length: f; = 10cm,f, =5cm
— Lens separation: d = 42 cm
— Object distance: s,; = 15cm

* Problem:

— Calculate the image distance, s;,

— Calculate the transverse magnification



Another Example

I :Fol Fil 1_702 _Fiz ‘n‘
0 < fi fr > g )2 ll
So1 d So1

e Step 1: calculate position of first image
— Thin lens equation: L 41=1
So1  Si1 N1

— Solve for s;q:

(1 1\ (1 1\ .,
S = fi s,1/ \10cm 15cm/) o

— This is a positive number, so the image is to the right of the
first lens.




Another Example

I =F01 Fil 1_702 _Fiz ‘n
0 < fi fr > g )2 ﬂ
So1 d So1

Spp =d—5;1 =42cm —10cm
Spp = 12 cm



Another Example

I :Fol Fil 1_702 _Fiz ‘n‘
0 < fi fr > g )2 ll
So1 d So1

e Step 3: calculate position of second image
— Thin lens equation: L 41=1
S02 Si2 /2

— Solve for s;,:

1 1\" 1 1 \*
. — _— pu— — — 8.6
512 (fz Soz> (5 cm 12 Cm> o

— This is a positive number, so the image is to the right of the
second lens.




Another Example

I :Fol Fil 1_702 _Fiz ‘n‘
0 < fi fr > g )2 ll
So1 d So1

e Step 4: calculate the transverse magnification
— Magnification of the first lens:

Si1 30 cm
1 :_571:_ 15cm
— Magnification of the second lens:
Sio 8.6 cm
Mmry, = _a = — 12 cm = —0.72

— Total magnification:
mT — mTlmTz — (_2)(_072) —_ +144‘



Two Lens Equation

Can we derive an equation that expresses s;, in

terms of 5,4, f1, f» and d?
Thin lens equation:

-1
1 1 1 1 1
131 (At
So2  Siz  J2 L2 f2 Soz

Relation between s,, and s;:
flsol
So1 — fl

Soz =d =S =d—

Two lens equation:

o — f2d — f2f1S01/(So1 — f1)
“ T d — f2 — [1S01/(So1 — f1)

f2S02
So2—f2




Two Lens Equation

G — f2d — f2f1S01/(So1 — f1)
“ T d — f2 = f1S01/(So1 — f1)

e Can we describe the two-lens system in terms of a focal
length?

— Yes, but the front and back focal lengths are different.

* Front focal length: s;, » ©0or1/s;;, - 0

— Qutgoing rays parallel to optical axis

d — f2 — f1S01/(So1 — f1) _
f2d — f2f1S01/(So1 — f1)

f(d = f12)
d—(f1+f2)

0

Sy = ff1=



Two Lens Equation
_ f2d = f2f1S01/(So1 — f1)

S. —_—
Y d—fo— fiSo1/(So1 — f1)
* Front focal length: s;, » ©or1/s;, = 0

f(d = f2)
d—(f1+f2)

e Back focal length: s,; > ©0or1/s,; = 0

SOl —_ f f l —_

— Incoming rays parallel to optical axis
d —
siy = b.f 1= f2(d ~ /1)

d—(f1t/2)




Two Lens Equation

Front focal length:

f1(d-1>2)
LA1= d—(f1+12)

Back focal length:
f2(d — f1)

d—(f1+f2)

If the lenses are close together, d = 0 and we have

~1
fEL=b.fl=f=-T/2 _ (l+i>

b.f.l.=

fit+1z fi 1z
In general, for several closely spaced thin lenses
1 1 1 1
+—+—+-

fh £ fi



Apertures and Stops

/J Field stop - an element limiting
the size, or angular breadth of

\ | the image (for example film edge
- “Il in camera)

A.S. F.S.

[ Aperture stop - an element that determines
the amount of light reaching the image

* Field stop determines the field of view and limits the size

of objects that can be imaged.
e Aperture determines amount of light only



Entrance Pupil

* How big does the aperture stop appear when viewed
from the position of the object?

Image of the aperture
\ as seen from the object Entrance
Object : through the lens.
plane )

" Imagei
PUPt . plane :

-
j

" | Physical
aperture

Real
image

Extreme ray that
passes the Ray thatis

aperture because blockedby |
of the refraction  the aperture '

of the lens.
The entrance pupil is the size

of the physical aperture that
would be required to pass
the extreme ray if the lens
were not present.

(Aperture stop is behind the lens)



Entrance Pupil

e |f the cornea were removed, the pupil would appear smaller
e The cornea magnifies the image of the pupil



Exit Pupil

e How big does the aperture stop appear when viewed
from the image plane?

Image of the aperture
: as seen from the image :
Object | Exit through the lens, Image |
plane ! pupil plane !

Object

Physical —
aperture Real
v/ image

(Aperture stop is in front of the lens)



Chief and marginal rays

M pupil

Marginal ray: the ray that
comes from point on object
and marginally passes the
aperture stop

Chief ray: any ray from an object point that passes through the
middle of the aperture stop

It is effectively the central ray of the bundle emerging from a point
on an object that can get through the aperture.

Importance: aberrations in optical systems



Vignetting

I
Effective
aperture
stop

The cone of rays that reaches image plane from the top of the
object is smaller than that from the middle. There will be less light
on the periphery of the image - a process called vignetting

Example: entrance pupil of the eye can be as big as 8 mm.
Telescopes are designed to have exit pupil of 8 mm for maximum
brightness of the image



Relative Aperture

The area of the entrance pupil J] /
determines how much light will
reach the image plane.

AV~

Pupils are typically circular: the _
area varies as the square of the ﬂ
diameter, D.

The image area varies as the square of the lateral
dimension, A ~ f*

Light intensity at the image plane varies as (D /f)?
(D/f) is called the relative aperture



Relative Aperture

Relative aperture: f /D = (focal length/diameter)

For optical equipment (camera lenses) this is usually
labeled as f/#

Example:
— f =50mm f/D = 2 denoted “f /2"
— D =25mm

This provides a standard way to reference the
intensity of light shining on film or other
photosensitive material.



f-number of a camera lens

IHMIIIHH IIIIIIIIE ll! b

0000066

Change in neighboring numbers is \/_

Intensity is ~1/(f/#)%: changing diaphragm from one label to
another changes light intensity on film 2 times



Depth of Field

Detail | ~~¥
Lens equation ¢ = circle A
15 + 1id = 1/f of confusion
where f = lens .

Motation:
f=front, r = rear

focal length

film

object lens
plane




Depth of Field

e Extreme case is the pinhole camera

The geometry of a pinhole camera \

T
| "- -
_?..1—,3 \
=27 Pinhole Sensor
-~ -~ .
- - - - /
.
- L=
/ N
-~ d = distance from
hole to sensar

e - A
fods -~ Object r=+id

- www.northlight-images.co.uk/article_pages/Canen_1ds_pinhole. html




