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ize, ...

7
.N
on-optical T

el.

•
H
ans Lipperh

ey
16
0
8
 –
first patent for “spy glasses”

•
G
alileo G

alilei
16
0
9
 –
first use in astronom

y

N
ew
ton 16

6
8
 –
first refractor

1
. H

istory of T
elescopes

•
N
ew
ton 16

6
8
 –
first refractor

•
K
epler

–
im
proves reflector

•
H
ersch

el 17
8
9
 –
4
 ft refractor

•
...



T
w
o m

ain types:
1.

E
quatorial m

ounting
2
.
A
zim

uth
alm

ounting

2
. 

G
round

-
b
ased

 T
elescopes:

M
ounts

A
zim

uth
al:

+ ligh
t and

 sym
m
etric

-
requires com

puter control

E
quatorial:
+ follow

s th
e E

arth
 rotation 

-
typically m

uch
 larger and

 m
assive 

T
e
le
scope

 M
ounts  (2

)
V
ariations of equatorial (or parallactic) m

ounts:

•
G
erm

an m
ount

•
E
nglish

 m
ount

•
F
ork m

ount 



C
h
oice of O

rb
its:

•
com

m
unications

•
th
erm

al b
ackground

 rad
iation

•
space w

eath
er

•
sky coverage

•
access (servicing)

3
. 

S
pace T

elescopes:
O
rb
its

•
access (servicing)

T
w
o E

x
am
ples:

H
S
T
 : low

 E
arth

 orb
it ~

9
6
 m
inutes

S
pitzer: E

arth
-trailing solar orb

it ~
6
0
 yr

T
h
e
 L
2
 O

rb
it

J
oseph-Louis Lagrange (18

th
century m

athem
atician) : 

search
 for a stab

le configuration in w
h
ich
 th
ree b

od
ies could

 orb
it each

 oth
er 

yet stay in th
e sam

e position relative to each
 oth

er 
�
five solutions, th

e five L
agrange points.

A
n ob

ject placed
 at any one of th

ese 5
 points w

ill stay in place relative to th
e 

oth
er tw

o.

E
.g., J

W
S
T
 and

 H
ersch

el are in orb
its around

 th
e L

2
 point �

orb
it w

ith
 E
arth
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D D

f f
V

G
eom

etrically:   

Practically, th
e F

O
V
 is lim

ited
 b
y ab

errations:
T
h
e b

igger th
e m

irror th
e b

igger th
e d

ifference [parab
ola –

sph
ere] 

near th
e ed

ge  �
b
igger telescopes h

ave sm
aller F

O
V
s (~

<1 d
eg).

Parab
olic prim

ary:

C
a
m

e
ra

f D
  

  
=

 
ta

n
m

a
x

ω T
h
e
 F
ie
ld
 of V

ie
w

Parab
olic prim

ary:

v



T
h
e
 S
ch
m
id
t T

e
le
scope

T
h
e S

ch
m
id
t telescope uses a sph

erical prim
ary 

m
irror to get th

e m
ax
im
um
 field

 of view
(>5
 d
eg) 

�
no off-ax

is asym
m
etry b

ut sph
erical 

ab
errations:

�
S
ch
m
id
t telescopes require a corrector lens. 

T
w
o m

eter A
lfred

-J
ensch

-
T
elescope in T

autenb
urg, 

th
e largest S

ch
m
id
t cam

era 
in th

e w
orld

.

L
igh

t G
a
th
e
ring Pow

e
r a

nd
 R
e
solution

Ligh
t gath

ering pow
er

F
or ex

tend
ed
 ob

jects:
(see lecture on S

/N
)

F
or point sources:

A
ngular resolution                                    

2
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∝
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2
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1

l
o
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2
2

.
1

s
in

=
∆

=
Θ

(given b
y th

e R
ayleigh

 criterion)
D

D



Pa
ra
m
e
te
rs of a

 R
itch

e
y
-
C
h
ré
tie

n C
onfigura

tion

1
2 2

2 2

=
−

b y

a x

0
2

=
−

a
x

y

R
C
 telescopes use tw

o h
yperb

olic 
m
irrors, instead

 of 

a parab
olic 

m
irror.

2
 fund

am
ental ch

oices:

5
. T

elescope F
oci

2
 fund

am
ental ch

oices:

•
R
efractor �

R
eflector

•
Location of ex

it pupil



T
e
le
scope

 F
oci –

w
h
e
re
 to put th

e
 instrum

e
nts

Prim
e focus –

w
id
e field

, fast b
eam

 b
ut 

d
ifficult to access and

 not suitab
le for h

eavy 
instrum

ents

C
assegrain

focus
–
m
oves w

ith
 th
e telescope, 

no im
age rotation, b

ut flex
ure m

ay b
e a 

prob
lem

T
e
le
scope

 F
oci –

w
h
e
re
 to put instrum

e
nts (2

)

N
asm

yth
–
id
eal for h

eavy instrum
ents 

to put on a stab
le platform

, b
ut field

 
rotates

C
oud

é
–
very slow

 b
eam

, usually for 
large spectrograph

s in th
e “b

asem
ent”



T
h
e
 G
row

th
 of T

e
le
scope

 C
olle

cting A
re
a

6
. M

ass, S
ize, etc.

D λ
2

2
.

1
s
in

=
Θ

M
a
ss L

im
ita

tions

M
ost im

portant innovations: 
M
ost im

portant innovations: 
1.

faster  m
irrors �

sm
aller telescopes �

sm
aller d

om
es 

2
.

faster m
irrors 

new
 polish

ing tech
niques

3
.

b
igger m

irrors 
th
inner / segm

ented
 m
irrors 

active support



Polish
ing T

e
ch
nique

s

(O
S

A
, 1

9
8
0
)

Polish
ing a 6

.5
-m
 m
irror on th

e Large O
ptical 

G
enerator (LO

G
) using th

e stressed
-lap 

polish
ing tool.  T

h
e lap ch

anges sh
ape 

d
ynam

ically as it m
oves rad

ially
from

 center-
to-ed

ge of th
e m

irror to prod
uce a parab

oloid
. 

O
ur 6

.5
-m
 m
irrors are typically figured

 to a 
focal ratio of f/1.2

5
 w
ith
 a finish

ed
 precision 

of ±
15
-2
0
 nanom

eters.
h
ttp://m

irrorlab
.as.arizona.ed

u/T
E
C
H
.ph
p?navi=poli

S
e
gm

e
nte

d
, T

h
in a

nd
 H

one
y
com

b
 M

irrors



A
ctive

 O
ptics  (M

irror S
upport)

O
ptica

l T
e
le
scope

s in C
om

pa
rison

Pa
lom

a
r

K
e
ck

J
W
S
T

T
elescope aperture

5
 m

10
 m

6
.5
 m

T
elescope m

ass
6
0
0
 t

3
0
0
 t

6
.5
 t

#
 of segm

ents
1

3
6

18

S
egm

ent size
5
 m

1.8
 m

1.3
 m

M
ass / segm

ent
14
.5
t

4
0
0
 kg

2
0
 kg



L
iquid

 M
irror T

e
le
scope

s
•
F
irst suggestion b

y E
rnesto C

apocci in 18
5
0

•
F
irst  m

ercury
telescope b

uilt in 18
7
2
 w
ith
 a d

iam
eter of 3

5
0
 m
m

•
Largest m

irror:  d
iam

eter 3
.7
 m

A
recib

o, Puerto R
ico –

th
e largest 

(3
0
5
m
) single-aperture telescope

D
ish
es sim

ilar to optical telescopes 
b
ut w

ith
 m
uch

 low
er surface accuracy

7
. “N

on-
O
ptical” T

elescopes

E
ffelsb

erg, G
erm

any –
10
0
m
 fully steerab

le 
telescope

G
reenb

ank, U
S
A
 –
after 

structural collapse (now
 reb

uilt)



V
LA
 in N

ew
 M
ex
ico –

2
7
 antennae 

(each
 2
5
m
) in a Y

-sh
ape (up to 3

6
 

km
 b
aseline)

A
rra

y
s a

nd
 Inte

rfe
rom

e
te
rs

W
S
R
T
 (W

esterb
ork) 

in D
renth

e
–
14
 

antennae along 
2
.7
 km

 line 

A
LM

A
 in C

h
ile –

5
0
 d
ish
es (12

m
 each

) at 
5
0
0
0
m
 altitud

e
4
0
0
µm
 –
3
m
m
 (7
2
0
 G
H
z –

8
4
G
H
z)

L
O
F
A
R
 in th

e
 N

e
th
e
rla

nd
s

A
recib

o
T
h
e LO

w
F
requency A

R
ray

uses tw
o types of low

-
cost antennas:

•
Low

 B
and

 A
ntenna (10

-9
0
 M
H
z)

•
H
igh

 B
and

 A
ntenna (110

-2
5
0
 M
H
z).

A
ntennae are organized

 in 3
6
 stations 

over ~
10
0
 km

. E
ach

 station contains 
9
6
 LB

A
s and

 4
8
 H
B
A
s

B
aselines: 10

0
m
 –
15
0
0
km
 

B
aselines: 10

0
m
 –
15
0
0
km
 

M
ain LO

F
A
R
 sub

system
s: 

•
sensor field

s
•
w
id
e area netw

orks
•
central processing system

s
•
user interfaces 



•
X
-rays im

pinging perpend
icular on any m

aterial are largely ab
sorb

ed
rath

er th
an reflected

. 

•
�
telescope optics is b

ased
 on glancing angle reflection (rath

er th
an 

refraction or large angle reflection)

•
typical reflecting m

aterials for X
-ray m

irrors are gold
 and

 irid
ium

 (gold
 

h
as a critical reflection angle of 3

.7
 d
eg at 1 keV

).

X
-
ra
y
 T
e
le
scope

s


