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T
h
e F
ried

 param
eter                                           is th

e rad
ius of th

e 
spatial coh

erence area.
It is th

e average turb
ulent scale over w

h
ich
 th
e R
M
S
 optical ph

ase 
d
istortion is 1 rad

ian.  N
ote that r

0
increases as λ

6
/5.

is called
 th
e seeing.   A
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0
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.5
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3
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 d
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e m

ax
im
um
 tim

e d
elay for th

e R
M
S
 w
avefront

error to b
e less 

th
an 1 rad

(w
h
ere v

is th
e m

ean propagation velocity).
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h
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h
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M
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A
O

 Principle

1.
M
ax
im
um
 scale

 of tole
rate

d
 w
ave
front d

e
form

ation is r
0

�
sub

d
ivid

e
 th
e
 te
le
scope

 ape
rture

 into r
0 ’s

2
.
M
e
asure

 th
e
 w
ave
front d

e
form

ations.

3
.
C
orre

ct th
e
 w
ave
front d

e
form

ations b
y “b

e
nd
ing b

ack” 
th
e
 patch

e
s of size

 r
0 .

T
h
e num

b
er of sub

apertures is (D
/r
0 )
2
at th

e ob
serving w

avelength
  �

can easily require h
und

red
s to th

ousand
s of actuators for very large 

telescopes.

A
O

 Principle
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E
x
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s:

U
n
its

: R
a
d
ia

n
s
 o

f p
h
a
s
e
 / (D

 / r
0 )

5
/6

T
ip

-tilt is
 s

in
g

le
 b

ig
g

e
s
t c

o
n

trib
u

to
r

T
ip-

T
ilt a

nd
 h

igh
e
r ord

e
r T

e
rm

s  (1
)

R
e
fe

re
n
c
e
: N

o
ll

F
o

c
u

s
, a

s
tig

m
a
tis

m
, 

c
o

m
a
 a

ls
o

 b
ig

H
ig

h
-o

rd
e
r te

rm
s
 g

o
 o

n
 

a
n

d
 o

n
…

.



W
a
ve

front S
e
nsors –

S
h
a
ck H

a
rtm

a
nn

M
ost com

m
on principle is th

e S
h
ack H

artm
ann w

avefront sensor 
m
easuring sub

-aperture tilts:
f

P
u

p
il p

la
n

e
Im

a
g

e
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n

e



W
F
s: C

urva
ture

 a
nd

 Py
ra

m
id

 S
e
nsors

O
th
er com

m
on principles are th

e

curvature sensor �

and
 th
e pyram

id
 sensor

�

D
e
form

a
b
le

 M
irrors

B
asic principle: piece-w

ise linear fit of th
e m

irror surface to th
e 

w
avefront.   r

0
sets th

e num
b
er of d

egrees of freed
om
.

T
w
o general types: segm

ented
 m
irrors 

T
w
o general types: segm

ented
 m
irrors 

and
 continuous face-sh

eet m
irrors:

N
ote th

at th
e (piezo) actuator stroke is typically only a couple of 

m
icrom

eters �
requires separate tip-tilt m

irror.



A
d
a
ptive

 S
e
cond

a
ry

 M
irrors

C
oncept: integrate D

M
 into th

e telescope 
�
ad
aptive second

ary m
irrors.  

A
d
vantages:

•
no ad

d
itional optical system

 need
ed
 �

low
er em

ission, h
igh
er th

rough
put

•
large surface �

h
igh
er actuator d

ensity

•
larger stroke �

no tip-tilt m
irror need

ed

...b
ut also m

ore d
ifficult to b

uild
, control, 

D
M
 for M

M
T
 U
pgrad

e

...b
ut also m

ore d
ifficult to b

uild
, control, 

and
 h
and

le.



T
y
pica

l A
O

 E
rror T

e
rm

s
•
F
itting errors from

 insufficient approx
im
ation of th

e 
w
avefront (finite actuator spacing, influence function 
of actuators, etc.).

•
T
em
poral errors from

 th
e tim

e d
elay b

etw
een 

m
easurem

ent and
 correction (com

puting, ex
posure 

tim
e).
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≈
τ

σ
t
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p

•
M
easurem

ent errors from
 th
e W

F
S
 (S
/N
!)   

•
C
alib

ration errors from
 ab
errations in th

e non-
com

m
on path

 b
etw

een sensing ch
annel and

 im
aging 

ch
annel.

•
A
ngular anisoplanatism

from
 sam

pling d
ifferent lines 

of sigh
t th

rough
 th
e atm

osph
ere.
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A
ngula

r A
nisopla

na
tism

A
ngular anisoplanatism

 is a severe 
lim
itation to:

•
w
id
e-field

 im
aging

•
sky coverage (find

ing a guid
e star 

w
ith
in th

e isoplanatic angle)
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S
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ove
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T
o sense th

e w
avefront one need

s a b
righ

t reference/guid
e star w

ith
in 

th
e isoplanatic angle.

0
.0

1

0
.1 1

Cummulative Sky Coverage

(mI < mag)
G

a
la

ctic E
q

u
a

to
r (|

l|
 <

 5
°)

In
te

rm
e

d
ia

te
 La

titu
d

e
s (-3

5
°

<
 l <

 -2
5

°)

G
a

la
ctic P

o
le

 (l <
 -8

0
°)

A
ll sk

y
 a

v
e

ra
g

e
 (-9

0
°

<
 l <

 9
0

°)

0
.0

0
0

1

0
.0

0
1

0
.0

1

9
1

2
1

5
1

8

Cummulative Sky Coverage

(mI < mag)

G
u

id
e

 S
ta

r M
a

g
n

itu
d

e
 (I)

S
k

y
co

v
e

ra
g

e
 g

iv
e

n
 b

y
 sta

r co
u

n
ts in

te
g

ra
te

d
 

o
v

e
r g

iv
e

n
 b

a
n

d
s in

 g
a

la
ctic la

titu
d

e
 fro

m
 

U
S

N
O

-B
1

.0
 ca

ta
lo

g
. S

ta
r co

u
n

ts a
re

 cu
m

m
u

la
tiv

e
, 

i.e
., g
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r a
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ta
rs

S
olution to th

e sky coverage prob
lem

: 
create your ow

n guid
e star.

T
w
o principle concepts:

•
S
od
ium
 L
G
S
 –
ex
cite atom

s in “sod
ium
 layer” at 

altitud
e of ~

 9
5
 km

.
8
-1

2
 k

m

~
 9

5
 k

m

altitud
e of ~

 9
5
 km

.

•
R
ayleigh

 b
eacon L

G
S
 –
scattering from

 air 
m
olecules send

s ligh
t b
ack into telescope, h

 ~
 10
 

km
T
u

rb
u

le
n

c
e

S
ince th

e b
eam

 travels tw
ice (up and

 d
ow
n) th

rough
 th
e atm

osph
ere, 

tip-tilt cannot b
e corrected

  �
L
G
S
-A
O
 still need

s a natural guid
e 

star, b
ut th

is one can b
e m

uch
 fainter (~

18
m
ag)

as it is only need
ed
 for 

tip-tilt sensing.



S
od

ium
 B

e
a
cons

L
ayer of neutral sod

ium
 atom

s in m
esosph

ere (h
eigh

t ~
 9
5
 km

, th
ickness 

~
10
km
)  th

ough
t to b

e d
eposited

 as sm
allest m

eteorites b
urn up.

R
esonant scattering occurs w

h
en incid

ent laser is tuned
 to D

2
 line of N

a 
at 5

8
9
 nm

. 

R
a
y
le

igh
 B

e
a
cons

D
ue to interactions

of th
e electrom

agnetic w
ave from

 th
e laser b

eam
 

w
ith
 m
olecules in th

e atm
osph

ere.

A
d
vantages:

•
ch
eaper and

 easier to b
uild

•
h
igh
er pow

er 
•
ind
epend

ent of N
a layer

D
isad

vantages:
•
larger focus anisoplanatism

•
laser pulses �

tim
ing



F
ocus A

nisopla
na

tism
T
h
e L
G
S
 is at finite d

istance H
 ab
ove th

e telescope and
 d
oes not 

sam
ple all turb

ulence and
 not th

e sam
e colum

n of turb
ulent atm

osph
ere 

(“cone effect”):
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T
h
e contrib

ution to th
e w
avefront

error contrib
ution from

 focus 

anisoplanatism
is:

0



d

F
A

5/
6

0
~

λ
d

anisoplanatism
is:

w
h
ere               d

epend
s only         

on w
avelength

 and
 turb

ulence 
profile at th

e telescope site.

�
very large telescopes need

 
m
ultiple L

G
S
s d
ue to th

is  cone 
effect.

H



G
round

 L
a
y
e
r A

O
 –

G
L
A
O

•
U
seful if ground

 layer           
(= ground

 + d
om
e + m

irror 
seeing) is th

e d
om
inant 

com
ponent

•
U
ses several W

F
S
 and

 guid
e 

stars w
ith
in a large F

O
V
 

(several arcm
in).

•
W
F
S
 signals are averaged

 �
•
W
F
S
 signals are averaged

 �
control one D

M

•
R
ed
uction of F

W
H
M
 ~
 factor 

of tw
o (only!)

•
G
L
A
O
 is th

us a "seeing 
enh

ancem
ent" tech

nique .

•
A
d
vantage: w

id
er field

s and
 

sh
orter w

avelength
s

L
a
se

r T
om

ogra
ph

y
 A

O
 –

L
T
A
O

•
U
ses m

ultipe
laser b

eacons

•
each

 laser h
as its W

F
S

•
com

b
ined

 inform
ation is used

 
to optim

ize th
e correction b

y 
one D

M
on-ax

is.

•
red

uces th
e cone effect

•
red

uces th
e cone effect

•
system

 perform
ance sim

ilar 
to natural guid

e star A
O
 b
ut 

at m
uch

 h
igh
er sky coverage.



M
ulti-

C
onjuga

te
 A

O
 –

M
C
A
O

•
to overcom

e anisoplanatism
, 

th
e b
asic lim

itation of single 
guid

e star A
O
.

•
M
C
A
O
 uses m

ultiple N
G
S
 or 

L
G
S
. 

•
M
C
A
O
 controls several D

M
s

•
each

 D
M
 is conjugated

to a 
d
ifferent atm

osph
eric layer 

at a d
ifferent altitud

e

•
at least one D

M
 is 

conjugated
 to th

e ground
 

layer

•
b
est approach

 to larger  
corrected

 F
O
V
.

S
id

e
 note

:  M
C
A
O

: Pe
rform

a
nce



M
ulti-

O
b
je

ct A
O

 –
M

O
A
O

•
M
O
A
O
 provid

es correction
not over th

e entire F
O
V
 of several arcm

in
b
ut only in local areas w

ith
in several arcm

in
�
m
ulti-ob

ject spectroscopy.
•
need

s (several) guid
e stars close to each

 science target.
•
picks up th

e W
F
S
 ligh

t via sm
all "arm

s“ inserted
 in th

e F
O
V
.

•
each

 science target h
as its D

M
•
system

s w
ork in open loop (!)

E
x
tre

m
e
 A

O
 –

X
A
O

•
X
A
O
 is configured

 sim
ilarly th

an S
C
A
O

•
h
igh
 S
treh

l
on-ax

is and
 sm
all corrected

 F
O
V

•
h
ow
ever, S

treh
l
values in ex

cess of 9
0
%

•
requires m

any th
ousand

s of D
M
 actuators 

•
requires to m

inim
ize optical and

 alignm
ent errors

•
m
ain application: search

 for ex
oplanets,  like 

m
ain application: search

 for ex
oplanets,  like 

w
ith
 S
PH
E
R
E
 on th

e V
L
T
  �


