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C
onsid

er tw
o points, a and

 b
, and

 various path
s b

etw
een th

em
.  T

h
e 

travel tim
e b

etw
een th

em
 is τ.   

C
ond

ition: τ
w
ill h

ave a stationary value 

for th
e actual path

: 

Preface: Ferm
at’s Principle

E
quivalently: travel tim

e �
optical path

 length
(O
PL
)

w
h
ere v is th

e speed
 of ligh

t in th
e m

ed
ium

 of ind
ex
 n.

F
erm

at’s principle states th
at th

e O
PL
 is th

e sh
ortest d

istance a �
b
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U
nd
erstand

 h
ow
 our tools w

ork!

M
otivation



A
perture stop: 

d
eterm

ines th
e d

iam
eter of th

e ligh
t cone from

 an ax
ial 

point on th
e ob

ject.
F
ield

 stop: 
d
eterm

ines th
e field

 of view
 of th

e system
.

E
ntrance pupil:

im
age of th

e aperture stop in th
e ob

ject space
E
x
it pupil:

im
age of th

e aperture stop in th
e im

age space
M
arginal ray:

ray from
 an ob

ject point on th
e optical ax

is th
at passes at 

th
e ed

ge of th
e entrance pupil

C
h
ief ray:

ray from
 an ob

ject point at th
e ed

ge of th
e field

, passing 
th
rough

 th
e center

of th
e aperture stop.

A
perture and Field S

tops

c
a

m
e

ra
te

le
s
c
o

p
e

T
h
e speed

 of an optical system
 is d

escrib
ed
 b
y th

e num
erical 

aperture N
A
 and

 th
e F

num
b
er, w

h
ere:

N
A

)
(

2

1
        

a
n

d
        

sin
N

A
=

≡
⋅

=
D f

F
n

θ

T
he S

peed of the S
ystem
f

D
Θ

G
enerally, fast optics (large N

A
) h
as a h

igh
 ligh

t pow
er, is com

pact, 
h
as low

 tolerances and
 is d

ifficult to m
anufacture.    S

low
 optics 

(sm
all N

A
) is just th

e opposite.



A
berrations

G
enerally, ab

errations are d
epartures of th

e perform
ance of an 

optical system
 from

 th
e pred

ictions of parax
ial optics.  

U
ntil ph

otograph
ic plates b

ecam
e availab

le, only on-ax
is
telescope 

perform
ance w

as relevant.

T
h
ere are tw

o categories of ab
errations:

1.
O
n-ax

is ab
errations

(d
efocus, sph

erical ab
erration)

2
.
O
ff-ax

is ab
errations:

a)
A
b
errations th

at d
egrad

e th
e im

age: com
a, astigm

atism

b
)
A
b
errations th

at alter th
e im

age position: d
istortion, field

 
curvature

C
onsid

er a reference sph
ere S

 
of curvature R

 for a off-ax
is 

point P’ and
 an ab

errated
w
avefront

W
.

A
n “ab

errated
” ray from

 th
e 

ob
ject intersects th

e im
age 

plane at P”. 

T
h
e ray ab

erration is P’P”.

T
h
e w

ave ab
erration is n·Q

Q

(
)

r

r
W

n R
r

i

i
∂

∂
=

Relation between W
ave and Ray A

berrations

F
or sm

all F
O
V
s and

 a rad
ially

sym
m
etric ab

errated
w
avefront

W
(r) w

e 

can approx
im
ate th

e intersection w
ith

 th
e im

age plane:



D
efocus m

eans “out of focus”.

2

2

N
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2
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=
=

λ
λ

δ
F

d
efocused

 
im
age

T
h
e d

epth
 of focus usually refers to an optical path

 d
ifference of λ/4

.

D
efocus

T
h
e am

ount of d
efocus can b

e ch
aracterized

 b
y th

e d
epth

 of focus:

focused
 

im
age

R
ays furth

er from
 th

e optical ax
is h

ave a d
ifferent focal point th

an 
rays closer to th

e optical ax
is:

S
pherical A

berration

φ
is

 th
e

 w
a

v
e

 a
b

e
rra

tio
n

Θ
is

 th
e

 a
n

g
le

 in
 th

e
 p

u
p

il p
la

n
e

ρ
is

 th
e

 ra
d

iu
s
 in

 th
e

 p
u

p
il p

la
n

e

ξ
=

 ρ
s
in
Θ

;  η
=

 ρ
c
o

s
Θ



O
ptical prob

lem
:
H
S
T
 prim

ary m
irror suffers 

from
 sph

erical ab
erration.

R
eason:

th
e null corrector used

 to m
easure th

e 
m
irror sh

ape h
ad
 b
een incorrectly assem

b
led

 
(one lens w

as m
isplaced

 b
y 1.3

m
m
).

M
anagem

ent prob
lem

:
T
h
e m

irror m
anufacturer 

h
ad
 analyzed

 its surface w
ith

 oth
er null 

correctors, w
h
ich

 ind
icated

 th
e prob

lem
, b
ut th

e 
test results w

ere ignored
 b
ecause th

ey w
ere 

b
elieved

 to b
e less accurate.

A
 null corrector

cancels the non-spherical portion 
of an aspheric m

irror figure.  W
hen the correct 

m
irror is view

ed
 from

 point A
 the com

b
ination 

looks precisely spherical.

S
ide note: the H

S
T
 m

irror

Com
a

C
om

a appears as a variation in m
agnification across th

e entrance pupil.  
Point sources w

ill sh
ow
 a com

etary
tail.  C

om
a is an inh

erent property 
of telescopes using parab

olic m
irrors.

φ
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o
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n
 o
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 o
b

je
c
t in

 th
e

 fie
ld

 



C
onsid

er an off-ax
is point A

.  T
h
e lens d

oes not appear sym
m
etrical 

from
 A
 b
ut sh

ortened
 in th

e plane of incid
ence, th

e tangential plane.  
T
h
e em

ergent w
ave w

ill h
ave a sm

aller rad
ius of curvature for th

e 
tangential plane th

an for th
e plane norm

al to it (sagittal
plane) and

 form
 

an im
age closer to th

e lens. A
stigm

atism

φ
is

 th
e

 w
a

v
e

 a
b

e
rra

tio
n

Θ
is

 th
e

 a
n

g
le

 in
 th

e
 p

u
p

il p
la

n
e

ρ
is

 th
e

 ra
d

iu
s
 in

 th
e

 p
u

p
il p

la
n

e

ξ
=

 ρ
s
in
Θ

;  η
=

 ρ
c
o

s
Θ

y
0

=
 p

o
s
itio

n
 o

f th
e

 o
b

je
c
t in

 th
e

 fie
ld

 

Field Curvature
O
nly ob

jects close to th
e optical ax

is w
ill b

e in focus on a flat im
age 

plane.   C
lose-to-ax

is and
 far off-ax

is ob
jects w

ill h
ave d

ifferent focal 
points

d
ue to th

e O
PL
 d
ifference.

φ
is

 th
e

 w
a

v
e

 a
b

e
rra

tio
n

Θ
is

 th
e

 a
n

g
le

 in
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e
 p

u
p

il p
la

n
e

ρ
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e

 ra
d

iu
s
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u

p
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c
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y
0

=
 p
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n
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 o
b

je
c
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 th
e

 fie
ld

 



S
traigh

t lines on th
e sky b

ecom
e curved

 lines
in th

e focal plane.  T
h
e 

transversal m
agnification d

epend
s on th

e d
istance from

 th
e optical ax

is.  

D
istortion  (1)

C
h

ie
f ra

y

u
n
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p
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G
enerally th

ere are tw
o cases:

1.
O
uter parts h

ave sm
aller m

agnification 
�

b
arrel d

istortion

2
.
O
uter parts h

ave larger m
agnification

�
pincush

ion d
istortion

D
istortion  (2)



S
um

m
ary:  Prim

ary W
ave A

berrations

S
p

h
e

ric
a

l 

a
b

e
rra

tio
n

C
o

m
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A
s
tig

m
a
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m

F
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ld
 

c
u

rv
a

tu
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D
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n

D
e
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e
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d
e
n
c
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 p
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D
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Chrom
atic A

berration
S
ince th

e refractive ind
ex
 n = f(λ), th

e focal length
 of a lens = f(λ) and

 
d
ifferent w

avelength
s h

ave d
ifferent foci.  (M

irrors are usually 
ach

rom
atic).

M
itigation: use tw

o lenses of d
ifferent 

m
aterial w

ith
 d
ifferent d

ispersion �
ach

rom
atic d

oub
let



Part I
Geom

etrical O
ptics

Part II
D
iffraction O

ptics

F
erm

at’s view
:  “A

 w
avefront

is a surface on w
hich every point has 

the sam
e O

PD
.”

H
uygens’ view

:  “A
t a given tim

e, each point on prim
ary w

avefront
acts as a source of second

ary spherical w
avelets.  T

hese propagate 
w
ith the sam

e speed
 and

 frequency as the prim
ary w

ave.”

T
h
e H

uygens-F
resnel principle w

as th
eoretically d

em
onstrated

 b
y 

K
irch

h
off  (

�
F
resnel-K

irch
h
off d

iffraction integral)

H
uygens-Fresnel Principle



F
resnel d

iffraction = near-field
 d
iffraction 

W
h
en a w

ave passes th
rough

 an aperture and
 d
iffracts in th

e near 
field

 it causes th
e ob

served
 d
iffraction pattern to d

iffer in size and
 

sh
ape for d

ifferent d
istances. 

F
or F

raunh
ofer

d
iffraction

at infinity (far-field
) th

e w
ave b

ecom
es 

planar. Fresnel and Fraunhofer
D
iffraction

1

1

2 2

<
<

⋅
=

≥
⋅

=

λ λ

d r
F

d r
F

F
resnel:

F
raunh

ofer:

(w
h
ere F

 = F
resnel num

b
er, r = 

aperture size and
 d
 = d

istance 
to screen).

A
n

 e
x
a

m
p

le
 o

f a
n

 o
p

tic
a

l s
e

tu
p

 th
a

t d
is

p
la

y
s
 F

re
s
n

e
l d

iffra
c
tio

n
 o

c
c
u

rrin
g

 in
 th

e
 

n
e

a
r
-fie

ld
. O

n
 th

is
 d

ia
g

ra
m

, a
 w

a
v
e

 is
 d

iffra
c
te

d
 a

n
d

 o
b

s
e

rv
e

d
 a

t p
o

in
t σ

. A
s
 

th
is

 p
o

in
t is

 m
o

v
e

d
 fu

rth
e

r b
a

c
k
, b

e
y
o

n
d

 th
e

 F
re

s
n

e
l th

re
s
h

o
ld

 o
r in

 th
e

 fa
r
-

fie
ld

, F
ra

u
n

h
o

fe
r

d
iffra

c
tio

n
 o

c
c
u

rs
.

(
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(
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λ
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d
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e
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G
A E

t
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r
i

sc
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e
n

A

⋅
−

−

∫∫
 

 
=

Fraunhofer
D
iffraction at a Pupil

C
onsid

er a circular pupil function G
(r) of unity w

ith
in A

 and
 zero outsid

e.  

T
h
eorem

: W
hen a screen is illum

inated
 b
y a source at infinity, the 

am
plitud

e of the field
 d
iffracted

 in any d
irection is the F

ourier 
transform

 of the pupil function characterizing the screen A
.

M
ath

em
atically, th

e am
plitud

e of th
e d

iffracted
 field

 can b
e ex

pressed
 as 

(see L
ena b

ook pp. 12
0
ff for d

etails):



L
et V

(Θ
0 ) and

 V
(Θ

1 ) b
e th

e com
plex

 field
 am

plitutes
of points in th

e 
ob
ject and

 im
age plane, respectively, and

 let K
(Θ

0 ;Θ
1 ) b

e th
e 

“transm
ission” of th

e system
.

(
)

(
)

(
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(
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(
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0
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1
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0
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     w
h

e
re
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θ

θ
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θ
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λ
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θ
d

r
e
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G

K
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K
V
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r
i

o
b

ject
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−

=
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Relation between O
bject and Im

age

T
h
en th

e im
age of an ex

tend
ed
 ob

ject can b
e d

escrib
ed
 b
y:

A
nd
 in F

ourier space 
(Lena b

ook p.12
3
): 

(
)

{
}

(
)

{
}

(
)

{
}

(
)

{
}

(
)r

G
V

F
T

K
F

T
V

F
T

V
F

T
⋅

=
⋅

=
0

0
0

0
0

1
θ

θ
θ

θ

In other w
ord

s, the F
ourier transform

 of the im
age equals the prod

uct 
of F

ourier transform
 of the ob

ject and
 the pupil function G

, w
hich acts 

as a
linear spatial filter.

N
ot all sources provid

e coh
erent b

eam
s –

consid
er a source of finite 

size, w
h
ich

 sub
tend

s a solid
 angle Ω

at a point of th
e screen.  

S
om

e area S
 = π

ρ
2
of th

e screen correspond
s to a b

eam
 étend

ue
ε
of:

If w
e ch

oose u=2
 so th

at
w
e get a d

egree of 
coh

erence greater th
an 5

0
%
:

(see L
ena b

ook p. 119
 or d

etails).

In oth
er w

ord
s, th

e b
eam

 rem
ains coh

erent for an étend
ue

of

2

2
/

2
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4
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π
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θ
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=
=

Ω
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5
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7
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Étendue, A
xΩ

, and T
hroughput

T
h
e geom

etrical étend
ue

(frz. `
ex
tent’) is th

e prod
uct of area A

 of th
e 

source tim
es th

e solid
 angle Ω

(of th
e system

's entrance pupil as seen 
from

 th
e source). 

T
h
e geom

etric étend
ue

m
ay b

e view
ed
 as th

e m
ax
im
um

 b
eam

 size th
e 

instrum
ent can accept.

H
ence, th

e étend
ue

is also called
 acceptance, th

rough
put, or A

×
Ω
 

prod
uct.

T
h
e étend

ue
never increases in any optical system

.  A
 perfect optical 

system
 prod

uces an im
age w

ith
 th

e sam
e étend

ue
as th

e source. 

H
ere A

=h
2π
, and

 Ω
is given b

y th
e angle of th

e 
m
arginal ray.

A
ll ph

ysical pupils h
ave finite sizes �

cut-off frequencies                         
m
ust ex

ist.  
T
h
e pupil function G

(r) acts as a low
-pass filter on th

e 
spatial frequencies, equivalent to a convolution:

A
ccord

ing to th
e N

yquist-S
h
annon sam

pling th
eorem

 I(Θ
) sh

all b
e 

sam
pled

 w
ith

 a rate of at least                    .

Point S
pread Function 

(1)
(

)
2

/
1

2
2

c
c

c
v

u
+

=
ω

c
ω

θ
2

1
=

∆

N
ow
 consid

er circular telescope aperture w
ith

:

G
raph

ically:

pupil function G
(r) 

�
autocorrelation G

(r)*G
(r)   �

and
 its M

T
F

(
)

  
  

Π
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0
2

r r
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(
)

{
}

(
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P
S

F
I

I
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F
T

V
F

T
V

F
T

∗
=

⇔
⋅

=
0

1
0

0
0

1
   

   



W
h
en th

e circular pupil is illum
inated

 b
y a point source  [I

0 (Θ
) = δ(Θ

)] 
th
en th

e resulting PS
F
 is d

escrib
ed
 b
y a 1

st
ord

er B
essel function:

T
h
is is also called

 th
e A

iry function.
T
h
e rad

ius of th
e first d

ark ring (m
inim

um
) is at:

R
em

em
b
er:  th

e R
ayleigh

 criterion states th
at 

tw
o sources can b

e resolved
 if th

e peak of 
th
e second

 source is no closer th
an th

e 1
st

d
ark A

iry ring of th
e first source.

Point S
pread Function 

(2)

(
)

(
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F
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λ
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o
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2
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1
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=
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T
h
e PS

F
 is often ch

aracterized
 b
y th

e h
alf pow

er b
eam

 w
id
th

(H
PB
W
) 

in angular units, to ind
icate th

e angular resolution of th
e im

age. 

M
ost “real” telescopes h

ave a central ob
scuration, w

h
ich

 m
od
ifies our 

sim
plistic pupil function 

T
h
e resulting PS

F
 can b

e d
escrib

ed
 b
y a m

od
ified

 function:

w
h
ere ε

is th
e fraction of central ob

scuration 
to total pupil area.

Point S
pread Function  (3)

(
)

(
)

(
)

(
)

2

0

0
1

2

0

0
1

2
2

1
/

 
2

/
 

2
2

/
 

2

/
 

2
2

1

1
  

  
−

−
=

λ
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λ
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π
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λ
θ

π

λ
θ

π

ε
θ

r

r
J

r

r
J

I

A
stronom

ical instrum
ents som

etim
es use a 

phase m
ask to red

uce the second
ary lob

es of 
the PS

F
 (from

 d
iffraction at “hard

 ed
ges”).  

Phase m
asks introd

uce a position d
epend

ent 
phase change.  T

his is called
 apod

isation.

(
)

(
)0

2
/

r
r

r
G

Π
=



A
 convenient m

easure to assess th
e quality of an optical system

 is th
e 

S
treh

l
ratio. 

T
h
e S

treh
l
ratio (S

R
) is th

e ratio of th
e ob

served
 peak intensity of 

th
e PS

F
 com

pared
 to th

e th
eoretical m

ax
im
um

 peak intensity of a 
point source seen w

ith
 a perfect im

aging system
 w
orking at th

e 
d
iffraction lim

it.

U
sing th

e w
ave num

b
er k=2

π
/λ

and
 th

e R
M
S
 w
avefront

error ω
one 

can calculate th
at:

E
x
am

ples:

•
A
 S
R
 > 8

0
%
 is consid

ered
 d
iffraction-lim

ited
�

average
W
F
E
 ~
 λ/14

•
A
 typical ad

aptive optics system
 d
elivers S

R
 ~
 10

-5
0
%
 (d

epend
s on λ)

•
A
 seeing-lim

ited
PS
F
 on an 8

m
 telescope h

as a S
R
 ~
 0
.1-0

.0
1%

.
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S
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Q
:  W

h
at is th

e m
ax
im
um

 concentration of ligh
t w

ith
in a sm

all area?  
T
h
e fraction of th

e total PS
F
 intensity w

ith
in a certain rad

ius is 
given b

y th
e encircled

 energy
(E
E
): 

Encircled Energy
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N
ote th

at th
e E

E
 d
epend

s strongly on th
e central ob

scuration εεε ε
of th

e 
telescope:

F
is th

e f/#
 num

b
er


