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One rad of phase is our “unit”
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Fried parameter

One rad of phase is our “unit”
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Adaptive Optics

Source light

Perturbin T :

medium J - Point-like bright sources
are used as references

Perturbed wavefronts - Spatial and temporal
sampling depending upon
| few kHz, atmospheric parameters
Deformable mirror | crurbation Shape (wind speed, C,2 profile,...)

- The wavefront sensor
retrieves the wavefront

aberration

- The deformable mirror
corrects the aberration

vvaverlron

Beam Splitter Sensor

Scientific camera




Adaptive Optics
The atmospheric distorted WF Hetonn
can be corrected using a

Deformable Mirror (DM). Adaptiv

Distorted
Wavefront

The wavefront sensor (WFS) il
measures the WF of a
reference star-object

The measurement is used to [ Corrected
drive the DM to introduce an
opposite WF-deformation.

A new WF measurement is the
performed to apply a differentia
correction in a closed loop way

High-resolutior
Wavefront Camera
Sensor

15/10/07 MPIA - Heidelberg 11



alactic Center

13"x13" Field. 15 minutes exposure.

¥ithout Adaptive Optice compensation

0.57" Seeing

¥ith Adaptive Optice compensation
0.13"” Full Width at Half Maximum

Copyright CFHT. 199B.
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Modal tomography: from mathematics to open loop experiment

) _ Open-loop experiment with the 3 5m TNG on
Modal formuation all ow a Y-shaped four stars agterism succesful.
to easier determination Solid line: Central star variance
of WWF from off-axis Dotted line: average of neighborouds stars
measurements Dashed line: Modal tomographyc result

Variance {arbitrary units)
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Telescope
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Layer 1

Order of Zernike polynomial

A&A 342, L53 (1999) Nature 403, 54 (2000)




Each WFS is coupled to asingle star . A single YWE S collects light from

hence a maximum magnitude is to be l('Zomp.allsPn b?tween qoncep}s of several stars. Each WFS is

accomplished. Spatial andtemporal classical” vs. "layer oriented” MCAO i gated with a single layer and

sampling have to deal with overall can be optimized for the related

turbulence. WFS optomechanics scale spatial and temporal sampling.

with number of references. Light of several faint stars coadds
and can leads to a significant signal.

The WFC complexityis here
expressed in terms ofwhat is
required for a single WFS,
single DM AO loop.

"Layer Oriented"

MCAQO

|

WFCwhcee
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severd WFS COMP. 16
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ulfiple refs. overdl comp. reg,
. WS ~ N,




A bi-dimensional rappresentation
Of the atmospheric turbulence

Power spectrum is
kolmogorov profiled

Profile as from
Hubin et al.
SPIE 4007, 1100
(mean Paranal)
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AQ technique selection

Performance requirements

{Smence Wavelength PSF quality FoV Sky coverage

ReS|duaI WFE

WFS selectlon

References selection

- NGS
- Shack-Hartmann - LGS
- Curvature - How many GS?
- Pyramid - WFS wavelength

- Other...
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AQO techniques comparison
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Shack-Hartmann WFS

Perturbed  Lenslet Detector @ Spot
wavefront array N T Optical axis
IR CEXS ot
lo® & o ® # A 5
___________________ 119 b &9 ¢ //\
------------------ BER TR Wi
------------------- S S R . >
................... _ //
DLI 8o 09 P e Quad-Cell
Pupil plane Focal plane Basically, S-H reconstructs the
Tip-Tilt of smaller parts of the
- N increasing better sampling wavefront!
- N increasing less photons for each sub-aperture
- NxN > # actuators No sense! Oversampling..

- N depends on 1, site, A... . .
’ Very important: minimum spot

dimension in closed loop is equal to A/
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Shack-Hartmann features

- High Order correction possible PROs:

- Possibility to change the spatial sampling changing
lenslet array or by using zoom optical relays

- Fixed sensitivity due to the fixed spot sizes

- Daifficult implementation due to alignment between
lenslet d CCD
enslet array an CONs:




Pyramid WFS: high orders

Telescope focal Tﬁ\/ t ()
plane . D,,. < B

Telescope & ®
Pupil b Ch | DANY,

Pyramid >
| |
v
% A \ B
(B+D)-(4+0C) I
In both cases the 4-quad S, = N l
approach is used, by (4+B+C+D) pilimag¢ ' C |'D

calculating the SIGNAL: s, = (4+B)-(C+D)
(A+B+C+D)
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Pyramid WFS features

- Variable Gain PROs:
‘ (D/rg )2 in closed loop ‘

- Higher Sensitivity

(uses whole telescope aperture)
- “Higher” Dinamic Range | From A/D to Pyramid size|
- Easily rebinnable (no extra RON)

- Easy alignment with the CCD

N\ - Modulation??? (Dynamic range) |

CONs:




What are Laser Guide Stars?

They are artificially generated sources of
light..

Light is pumped into the atmosphere from
the ground...

...In some way they produces some lights
that fly back to the ground...

...and this is perceived as a sort of
artificial star that can be used as reference
for Adaptive Optics.



Rayleigh vs. resonant scattering

Only specific atom:s
Excited at a specifi
wavelength

All particles and aerosols
in the atmosphere



Happer et al.

Vol. 11, No. 1/January 1994/J. Opt. Soc. Am. A 263

Atmospheric-turbulence compensation by resonant optical

backscattering from the

sodium layer in the upper atmosphere

e 1, nown Al oW Emissions for the Ea
A Emitter Day Height Twilight Height Night Height hq
(A) State Intensity (km) Process Intensity (km) Intensity (km) Process as™ d (source) (km) Remarks

304 He* Present R (4.8) 1.1x10°* Nightglow radiation could

584 He Present R (12) 1.7 x 107% be either or both

834 o* Present R

1025 HLy-g Present 200 to 10 R 10R 200 R 26 x107°

1200 N(‘P) 400 R 180 R?

1216 HLy-a 6 kR 100 to 10° R 2kR 100 to 10° R 21x107° (4.5 x 107%[Hg)

1302, 1304, 1306 O(S) 7.5 kR 190 eFR 10x 1074

1356 0(°s) 350 R 140 e

1300-1500 Na(a'M,)  Present e Lyman-Birge-Hopfield

1493, 1744 N Present e

2000-4000 N2(A®%,") Present e Vegard-Kaplan

2160, ete. NO(A*%') 1kR 70-150 R 40 x10°¢ v bands; g for 1-0 band

3371, ete. N.(C®M,) 900R =130 e 2nd Positive

2600-3800 0:(A%.") 600 R 90 C Herzberg

3466 NC¢P) Present e

3889 He(*P) R 1R >400? 0.1 Scatterer is He('S)

3914, etc. N.'(B*%,") 20kR 150 RF 200-500 R 300 <lR 0.050 1078 [Ng) 46 1st Negative

3933.68 Ca*(*P) <100 R  80-200 0.3, 0.15

4368 0@4°P) 1R

5200 N(D) 90 R ~200 I 10R 1R, ~250 I 6 %107 ~200  Also quenched by electrons

5000-6500 NO.? 1RA ~90 C Continuum

55717 o's) 30kR 90,176  Ce 400 R 2007 250R 90,300 C, 1x107") 8x10°[0,]) 94 2972 A (5%)

5893 Na(°P) 30 kR 92 R 1-4kR 92 20-150 R ~92 c 0.80 40

6300, 64 o('D) 2-20kR 250 Fle 1 kR 300 10-500 R 300 1 (4.5 X 107 58 x 10°°[0.] 340

6563 H(3*P) 3R 200 F 26 x 107°

6708 Li(*P) 10-1000 R ~90 16 May be of artificial origin

7619, ete. 0,('%) 300kR  40-120 RFT 6 kR ~80 c 63x 107" <5x107°[0;] 90 Atmospheric

7699 K(P) 40R ~90 167

7774, 8446 0 16, L1 kR ~150 e

10510, ete. No(B°lI;) 900 R 160 e 37 1st Positive

10830 He(’P) 3 kR 500 16.8 ~400  Scatterer is He(’S); h, for
its destruction

11036, etc. N.'(A%M,) 4 kR 150 RF 0.042 28 x10°° Meinel; g, d for 1-0 band
(9200 A)

12700, ete. 0,('A) 20 MR 50 F 5 MR 80 80 kR 90? c? 94 x 107" 95 x107°[0:] 75 IR atm; 0-1 band 1.58 um;
Noxon bands 1.9 pm

2800, ete. OH(r <9) 4.5MR c 45MR 90 C Meinel; 4.5 um to 3816 A

“From Ref. 20. Production processes are R, resonance scattering; F, fluorescence; C, chemical assoziation; I, fonic reactions; e, photoelectrons; T, excitation transitions. Production rate factors are g and d; Ay
is the quenchins height.



Happer et al. Vol. 11, No. 1/January 1994/J. Opt. Soc. Am. A 263

Atmospheric-turbulence compensation by resonant optical
backscattering from the
sodium layer in the upper atmosphere

e 1. nown Airglow Emissions 1or the Ea

A Emitter Day Height Twilight Height Night  Height hq
(A) State Intensity (km) Process Intensity (km) Intensity (km)  Process g(s™ d (source) (km) Remarks

304 He* Present R (4.8) 1.1x10°* Nightglow radiation could

584 He Present R (12) 1.7 x 107% be either or both

834 o* Present R

1025 HLy-g Present 200 to 10 R 10R 200 R 26 x107°

1200 N(‘P) 400 R 180 R?

1216 HLy-a 6 kR 100 to 10° R 2kR 100 to 10° R 21x107° (4.5 x 107%[Hg)

1302, 1304, 1306 0O(CS) 7.5 kR 190 eFR 1.0 x 1074

1356 0¢s) 350 R 140 e

1300-1500 Na(a'M,)  Present e Lyman-Birge-Hopfield

1493, 1744 N Present e

2000-4000 N2(A®%,") Present e Vegard-Kaplan

2160, ete. NO(A*%') 1kR 70-150 R 40 x10°¢ v bands; g for 1-0 band

3371, ete. N.(C®M,) 900R =130 e 2nd Positive

2600-3800 0:(A%E,"Y) 600 R 90 c Herzberg

3466 NC¢P) Present e

3889 He(*P) R 1R >400? 0.1 Scatterer is He(’S)

3914, etc. N.'(B*2,") 20kR 150 RF 200-500 R 300 <IR 0.050 107% [Ng) 46 1st Negative

3933.68 Ca*(*P) <100 R  80-200 0.3, 0.15

4368 0(4°P) 1R

5200 NE¢D) 90 R ~200 I 10R 1R, ~250 I 6 %107 ~200  Alsoquenched by electrons

5000-6500 NO.? 1RA ~90 C Continuum

5577 o('s 3.0 kR 90,175 Ce 400R 2002 250R 90,300 C,1I 1x107™")  3x107°[0;] 94 2972 A (5%

5893 Na(*P) 30 kR 92 R 1-4kR 92 20-150 R ~92 C 0.80 40 |

0, 64 oCD) J-20 KR 250 Fle TER 300 10-500 K300 T @5 X10 ™ 58X 10 °[0:2] 340

6563 H(3*P) 3R 200 F 26 x 107°

6708 Li(*P) 10-1000 R ~90 16 May be of artificial origin

7619, ete. 0,('%) 300 kR 40-120 RFT 6 kR ~80 c 63 %107 <5x107°[0;] 90 Atmospheric

7699 K(*P) 40R ~90 167

7774, 8446 0 16, 1.1 kR ~150 e

10510, etc. Na(B°lI;) 900 R 150 e 37 1st Positive

10830 He(’P) 3 kR 500 16.8 ~400  Scatterer is He(’S); h, for
its destruction

11036, etc. N.'(A%I,) 4 kR 150 RF 0.042 28 x107° Meinel; g, d for 1-0 band
(9200 A)

12700, ete. 0,('A) 20 MR 50 F 5 MR 80 80 kR 90? c? 94 x 107" 95 x107°[0:] 75 IR atm; 0-1 band 1.58 pm;
Noxon bands 1.9 pm

2800, etc. OH(r < 9) 4.5MR (o] 45MR 90 C Meinel; 4.5 um to 3816 A

“From Ref. 20. Production processes are R, resonance scattering; F, fluorescence; C, chemical assoziation; I, fonic reactions; e, photoelectrons; T, excitation transitions. Production rate factors are g and d; Ay
is the quenchins height.



MONTHLY NOTICES

OF THE

ROYAL ASTRONOMICAL SOCIETY

Vol. 93 No. 9. SUPPLEMENTARY NUMBER

SPECTROGRAPHIC STUDIES OF THE PLANETS.

(George Darwin Lecture, delivered by Dr. V. M. Slipher, Assoc.R.A.S.,
on 1933 May 12.)

Spectrum analysis may fairly be said to have entered upon its fruitful
application to astronomy with the work of the great English pioneer in this
field, Sir Wm. Huggins. In the early sixties of the last century he was
inspired to take up this new study by Kirchhoff’s interpretation of the dark
lines of the solar spectrum, just then published. Up to that time it had not
been thought possible that man could ever know the substances actually
composing the distant heavenly bodies. But he, with rare vision, embraced
this marvellous new means for their study and began analysing their light to
read their secrets. And after seventy years of truly wonderful revelations
this work is still going on with as fruitful results to-day as at any time in the
past. The distance to the heavenly bodies, be it even millions of light years,
is no obstacle to the definiteness of the message that may be carried by their
spectrally analysed light.

Others also soon took up this new study of the stars, and quite naturally
they must have eagerly sought to apply this new means of observation to the
brighter planets.

It is just one hundred years ago that Sir David Brewster recognized
absorption lines in the spectrum of sunlight that were due to the Earth’s
atmosphere. And what the air of the Earth did might be duplicated by the
atmospheres of the other planets in accordance with their constitutions and
conditions, and hence by their spectra they should show something as to their
atmospheres. Sir Wm. Huggins and others in this branch of astronomy
studied the spectra of the planets visually. And to Huggins we are indebted
for the greater contribution of the first photographs of the blue and violet
of the spectra of the planets. His efforts and those of others in this direction
were confined to the more refrangible end of the spectrum, because plates

4“4

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System

MonTHLY NOTICES OF R.A.S, VoL. 93, PLATE 16.

Fial SPECTRAL RADIATIONS of the NIGHT SKY
9.

Normal Sky Radiations Aurora May 29,1932

INFRARED RADIATIONS

RED and

V. M. Slipher Spectrographic Studies of the Planets.

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System



Problems of LGSs

Tip-tilt indetermination problem
Conical anisoplanatism

Focus at a finite distance
Rayleigh fratricide effects

Actual distance depends upon altitude and
layer local variations

Cyrrus can make large scattered light
Aircraft and satellite hazards
You need a working laser!



UP tilt
DOWN tilt













Altitude (km)
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Pulsed vs. CW lasers...

* Rayleigh positively needs pulsed lasers
and a gating system synchronized with the
laser

» Sodium lasers has to comply with
saturations of Sodium layer so CW are
superior, in general..

e Be warned that Lasers can have micro
and macro pulses...



Laser & Launch system

Beam expander exit
-System layout Launch and folding flat
-Laser source availability ™" [=

‘Launch layout
*Mechanical layout

‘Electronics layout Wavefront
sensor \ m=——— °

i\l Launch entrance
lens tbe

Focus [
stage |

IE
\Pre-expander
stage

Periscope  Polarization
stage II rotators

Fold mirror
Pefiscope
stage [

March 17-18, Tucson LBT Laser Phase A Review 42



' Aircraft Detection Camera {in Water-Supply Cabin)

Power Supply E H“t:“n o Plant Water
to S5
5 L
»«ﬁ_i,, MC1
MC2N
[E S H B8s2
H ' -
" High ' /| ff co
H ' Pilot-Beam Mode !
I : Mgmwh Q1| [Monitaring;
" Plasma : ® H
" Tube :
" : anz@—
" : PMT
i Browslor : NaD Lock PM
i Window : Feed Forward to (4) ﬁ *
== Averture i E
v o Manual ' Sodium Cell H
HH Shutter ' § '
H 2 Power ® :
" N 7 Monitoring | :
i Output L 03 :
= Coupler : Wavelength :
i Y A no(mz)mdu)(-—%ﬁo

!|Beam Relay
pebetngpbtibe’
0 = Diagnostcs

5 i
Coude-Lab
o with Laser Facility

DSAZ 3.5 m Telescope and the ALFA LGS-System Optic and Supply Schematic of the ALFA Laser Facility
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A dye laser...

View into the Laser cabin
with activated Laser beam.

Calar Alto, October 1996




A dye laser...

View into the Laser cabin
with activated Laser beam.

Calar Alto, October 1996
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Figure 1. Arrangement to create a non-diffractive beam. Collimated light
is sent through a circular slit mask in the focal plane of & lens with an F-ratio
of f gL /2R The light will form, after the lens, a beam along the optical
axis which does not diffract until the shadow zone at =, is reached (Durnin
etal. 1987).

subaperture of radial size |
aw

Figure 3. A radial wavefront error at the edge of the subaperture leads
to a change of the ‘effective’ length of the laser beacon illuminating the
subaperture,

sub aperture

r.
>
shits s
3 > A
& sodium LGS
Y | radial symmetry
- AR »
ELT pupt

H

Figure 2. A mask with circular slits in the focal plane of the telescope selects
particular angular directions of light rays onginating from an LGS. This can
be done simultaneously with several directions, leading to a novel gating
technique, called ‘angular gating’,




A z-invariant WFS...

subaperture a
pupil telecentric ﬂ \
reimager lens

slit

mask

; }
....... @_@,
| reflective rod ,)

" \(j/



# Target of adaptive optic observations

LGS\\ Sodium layer

Target of adaptive
optic observations

Main Observatory




Apparent LGS

True LGS
¢ \,\\ (no prop- delay) (with prop. delay)

Na layer Y' Ny ?f)

Target of wlaptive optic observations

|
ememr=2@-R)| 1],

t=0

|
Projector and Telescope é




Polychromatic LGS

A combination of wavelengths close one to
each other is sent up...

..the resonant scattering pumps up some
electrons level such that in the decay two
very different wavelengths are sent back...

So the way-UP is wavelength independent
while the way-DOWN is not...

...a little signal with absolute tilt
iInformation.



Laser Guide Stars...

Are now in operation at Keck, Gemini and
VLT...

Science is mostly with spectroscopy...

Some telescopes are more effective than
others...

Foreseen in various telescopes
Tilt and low orders is made through NGSs

Still sky coverage is not 100% and some
significant FoV Is required...

...MCAOQO with NGSs...??777



Layer-Oriented WFS per MAD@VLT

Nasmyth Platform

Shack Hartmann .=

WEFS
/f// CAMCAQ,IR Dimostratore strategico per OWL!
15/10/07 CAMERA 1eidelberg 54




+
+

MAD IR Detectfr Path «

ooooooo
cccccc

AD Calibration Units 60215

Optics 60401

=0
[

1.5m

|
IhL |

60\a

MAD

15/10/07 MPIA - Heidelberg 55
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The LOWFS on board on MAD

15/10/07 MPIA - Heidelberg
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The LOWFS on board on MAD

Pldl07 |
b i S B

15/10/07 MPIA - Heidelberg
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15/10/07

On board

MPIA - Heidelberg
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15/10/07

On board

MPIA - Heidelberg
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F/20 Focal Plane F/300 Focal Plane Beamsplitter

15/10/07

Pyramid ﬁ

Achromat v k
LenseX 15 F/ 1 | |
*Optical quality > 98% Re-|_mag|ng
objectives
MPIA - Heidelberg
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Wavefront sensing
supposed in R...

Correction for the IR

1 subaperture ~r; «

63




*Hawaii 2 Detector

«2048 x 2048 pixels, 28 mas/
pixel, ~58 arcsec FoV

*Full 2° FoV scanning

J, H, Kn broadband, Brg and
Brg continuum narrowband
filters

15/10/07 MPIA - Heidelberg
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