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Thick Lens: equations

Note: in air (n=1)

XX = f<2__ effective %: (n| _1)|: 1 3 1 n (n| _1)d|:|

focal length: R R NRR,
f (nI —1)dI f (nl _1)dl
Principal planes: |y == h, ="
rincipal planes nR, nR
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Thick Lens Calculations

Calculate focal length

(n —1)d
f_(n_l)[ 2 nR1R, ]
Calculate positions of principal planes
, __f=1ad
T nR,
, __f=1ad
2 nR4

Calculate object distance, s,, measured from principal plane

Calculate image distance:

1, 11
So Si f

Calculate magnification, my = —s; /s,



Thick Lens Equation

How can we check that our understanding of this is
correct?

Are we using a consistent sign convention?

Do we understand how the distances h; and h, are
defined?

Let’s apply this to a non-trivial example that we can
solve in three different ways...

— From our basic knowledge of optics

— Using the thick-lens equation

— Using ray-tracing



Simple Example

Radius R
Index of refraction n

e Sphere with radius R (by definition R>0).
 Object placed at the focal point of first refracting surface:

1 n n-—-1

— T — = Convex: R; > 0
So Si Rl '
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Simple Example

Radius R
Index of refraction n

e Sphere with radius R (by definition R>0).
* |Image formed at the focal point of the second surface:

n 1 1—n

— T — = Concave: R, < 0
S, S R, °

1_n—1




Thick Lens Equation

1=(n_1)<1 1+(n—1)d>

f Ry R, nR{R,
Ri=R>0
R, =—R<0
d = 2R
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Thick Lens Equation

 We also need to know the positions of the
principle planes...
f(n—1)d

h, =
! n R,

R n (n-1) -
- Zn—ln(—R)( )

=R

e Similarly,
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Thick Lens Equation

e The first principal plane H; is located a
distance h; from the first vertex.

 An object placed a distance s, from the vertex
would be located a distance
S, =S, + hy
from the first principal plane.

* Now use the thick lens equation:
1 1 1 NnR




Thick Lens Equation

e What is the distance from the second vertex?

s; =58; + h,
B nRkR P
T n-—-1

B R
LT

e This agrees with the previous calculation.
 What about ray tracing?



Tray Tracing Example

* Transfer matrix (distance d in medium n4):
(nzaz) _ ( 1 0) (n1“1)
Y2 d/n1 1 V1
e Refraction matrix (spherical surface)
na; 1 —Dy\ /M1y
(yz ):(o 1)(311)
D= ny —1ny
R

e This example:
370 — T5R4T3R2T1)7i



Ray Tracing Example

e |nitial ray:

N a
Yo = (0)
e Final ray should cross the optical axis at a
distance s; from the second vertex.

e Multiply the matrices, solve for s;...



Ray Tracing Example

Use Mathematica...

nf10= (* Propagateray to the image point %)
yi = tm[si, 1].y4

{1 n)soa
(-1+n) soa+”( £ )]

: (1-n) soa "
Out[10]= Ha + - },
r r
/ | S n]sm]
n) 56 (-1+n) [soa+ =
2r(or+—Li—a) (1-n) soa *
{so a+ +si |+ - H
n r r
\
n13= (* The conditionfor an image is that the ray crosses the optical axis

at the image point. So we need to solve for si as a functionof so. %)
solution= Solve[yi[[2]] = 0, {si}]

r(2r+2so-nso)
Out[13]= Hsi - }}

-2r+nr-2so0+2nso



Ray Tracing Example

Use Mathematica...

nf10= (* Propagateray to the image point %)
yi = tm[si, 1].y4
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n13= (* The conditionfor an image is that the ray crosses the optical axis

at the image point. So we need to solve for si as a functionof so. %)
solution= Solve[yi[[2]] = 0, {si}]
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Out[13]= Hsi - }}
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Ray Tracing Example

e Use Mathematica...

— Object position was at the focal point of the first
refracting surface:

B R
Yo T

n15=  FullSimplifysi /. solution/. {so-»r/ (n-1)}]

Ir
Out[15]= { }
1+n

e |t works!



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

* 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




