Post-AQO error budget - 1
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Post-AQO error budget - 2

Global error (variance on the corrected phase/wavefront)

2 2

2 2 :
| Upost—AO — Yatm. T A0 syst. T Oothers

e Error term due to turbulent atmosphere alone
e Residual error of the AO system itself

¢ Other error terms...



Post-AQO error budget - 3

Other errors

- 9 92 2
} Oothers — 9NCPA T O calib. T ...

e Error term due to Non-Common Path Aberrations

e FError term due to the calibration of the AO system

® etc.



Post-AQO error budget - 4

Error due to atmospheric turbulence alone

= Oaniso T Oscint.. T 7diff. T 9chrom.

e Error term due to anisoplanatism
¢ Error term due to scintillation
¢ FError term due to diffractive effects

e Error term due to differential refraction



Post-AQO error budget - 5

Residual error of the AO system itself

2

| 9 2 2 L2 .
| O'AO syst. — Gﬁtt. + Umeas, + aalia,s. + Utemp. + C

T OLgs T OMcAO |

Fitting error (due to spatial under-sampling of the DM)

Measurement error (due to photon noise, RON, etc. - WFS)

Aliasing error (due to spatial under-sampling of the WFS)

Temporal error (due to finite temporal bandwidth of the
whole system)

Specific errors of the LGS
Specific errors of the MCAOQO (et similia)



Post-AQO error budget - 6

Fitting error

= - - y o - |
OAO syst. — Ufitt. T Omeas. T Oalias. T Otemp. T

Reduce the fitting error <=> increase the number of
actuators of the DM...



map of rms of residual fitting error {120nm)
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(Noll: residual error - 1)

If, instead of having actuators, one could have a mirror
capable of forming perfect Zernike polynomials, one
would have (admitting that atmosphere exactly follows a

Kolmogorov model):

573
\AJ ~ (0.2944 JV3/2 <2> i 2D|
0

Hence, In meters (assuming to point to zenith):
2 o0 1/9
iaj[m] 5 N/ A~ 3528 V3/4 D5/6 (/ o (2) dz)
4 0

With, thanks to Marechals approximation:

IS’ ~ exp {—AH




(Noll: residual error - 2)

TABLE 1IV. Zernike-Kolmogoroff residual errors (A;). (D
is the aperture diameter.)
=1.0299 (D/7y)5/3 Agy=0.0352 (D/7g)5/3
A,=0,582 (D/ro)5/3 Ag3=0.0328 (D/'ro)s/3
Ag=0.134 (D/7y)%/3 Ay =0.0304 (D/7)%3
A,=0.111 (D/7y)%/® A =0.0279 (D/7y)®/?
As=0,0880 (D/7g)%/3 Agg=0.0267 (D/r)%/3

Ag=0,0648 (D/7y)®/3 Ay =0.0255 (D/7p)5/°
Ay =0.0587 (D/7g)%/3 Agg=0.0243 (D/7¢)%/3
Ag=0.0525 (D/7p)%/3 Agg=0.0232 (D/7¢)%/3
Ag=0.0463 (D/7)’/3 Bg0=0.0220 (D/79)%/3
Ago=0.0401 (D/7y)5/3 Ayy=0.0208 (D/7)%°
Ayy=0.0377 (D/7¢)5/®

Ay~0.2944 J™3/2 (D/7)5/3 (For large J)

(From Noll, JOSA 66, 1976)



(Noll: residual error - 3)

polynomes de Zernike
m O 1 2 3 4 5

Example of the tip-tilt

™. =>needs 2 actuators (linearly)
" for the 1st radial order

Example of the defocus

' => needs 3 actuators

(2nd radial order)

order N <=> N+1 actuators (DM) |

', <=> N elements of analysis (sub-apertures)

i <=> « NxN system » i



(Noll: residual error - 4)

lExercice 1: Compute the Noll error and then the ‘
icorresponding maximum Strehl ratio in J (1.25 um) g
{for a 10x10 AO system. |
[knowing that: rO@500nm = 10cm and D = Im, and that
nb of Z modes corrected = (n+1)(n+2)/2 piston included,
In being the radial order] .




(Noll: residual error - 5)

Here: N=10 => J = 11x12/2= 66 Zernike modes (piston included)
And: rol25pm = 0.1 (1.25/0.5)12= 0.3 m

5/3
"0

Here: Ay = 0.2944 J-v372 (1/0.3)55 = 0.05816 rad? (for A=1.25um)

Here: S = exp(-0.056816) = 0.94, 1.e. *94% Strehl ratio (at 1=1.25um).



& ; call with: IDL> @Exo2 ; call with: IDL> .rn Exo02_main
Diam =1.0 Diam =1.0
ro =0.3 ro =0.3
N = 10 N = 10

f - (N+1)x(N+2) /29 J = (N+1)*(N+2)/2-9¢
- Noll = .2944xJ"(-sqrt(3)/2)*(Diam/r@)~(5./3) Noll = .2944%J~(-sqrt(3)/2)*(Diam/r@)~(5./3)
%;s = exp(-Noll) S = exp(-Noll)
; see result with: IDL> print, S
"L U end
; see result with: IDL> print, S

;“calllwith: IDL> .rn Exo2_proc

v IDL> Exo02_proc, Diam, r@, N, S s call with: IDL> .rn Exo2_func
; with, e.g: Diam=1.0, r@=e0.3, N=10, S undef1n1. IDL> print, Exo2_func(Diam, r@, N)
pro Exo2_proc, Diam, r9, N, S ; with, e.g: Diam=1.0, r@=0.3, N=10

_ (N+1)*(N+2)/2{§( function Exo2_func, Diam, r@, N

Noll = .2944%)7(-sqrt(3)/2)*(Diam/r@)~(5./3) 3 _ (N+1)%(N+2) /23

S = exp(-Noll) Noll = .2944x]~(-sqrt(3)/2)*(Diam/r@)~(5./3)
S = exp(-Noll)

end

; see result with: IDL> print, S return, S

procedure: the input/output parameters

are acces51ble, not the Varlables deﬁned

‘V.‘_‘ )

Voir aussi la Fonc’rlon noll pro dans CAOS

ameters, variables defined

inside the procedure ~f? the functlon returned.



- function noll, mode, D, r@
s

computes the Noll residual variance [rad”2], noll.

=> wf rms [m] = sqrt(noll)xlambda/(2%!PI),

where lambda = wavelenght [m] for which r@ is defined.

=> Strehl (for wavelenght for which r@ is defined, lambda) = exp{-noll}.

=> Strehl (for another wavelenght, lambda_i) = exp{-nollx(lambda/lambda_i)~2}.

use: noll = noll(mode, D, r@)

where:

mode = Zernike (starting from piston=mode #@) untill which the
ideal correction is made,

D = diameter of the telescope [m],

re = Fried parameter [m],

-5 noll = residual variance [rad”*2].

Marcel Carbillet (Lagrange, UNS/CNRS/OCA) [marcel.carbillet@unice.fr]
for CAOS Library 5.4, 22 March 2012.

mode eq @ then noll = 1.0299 ; piston (Z1)]
mode eq 1 then noll = .582 ; Zernike tip (Z2)
mode eq 2 then noll = .134 ; Zernike tilt (Z3)
mode eq 3 then noll = .111 ; Defocus (Z4)
mode eq 4 then noll = .0880 ; Astismatism 1 (Z5)
mode eq 5 then noll = .0648 ; Astigmatism 2 (Z6)
mode eq 6 then noll = .0587 ; Coma 1 (Z7)
mode eq 7 then noll = .0525 ; Coma 2 (Z8)
mode eq 8 then noll = .0463 ; Z9
mode eq 9 then noll = .0401 ; Z10
mode eq 10 then noll = .0377 ; 3rd order spherical (Z11)
mode eq 11 then noll = .0352 ; Z12
mode eq 12 then noll = .0328 ; Z13
mode eq 13 then noll = .0304 ; Z14
mode eq 14 then noll = .0279 ; Z15
mode eq 15 then noll = .0267 ; Z16
mode eq 16 then noll = .0255 ; Z17
mode eq 17 then noll = .0243 ; Z18
mode eq 18 then noll = .0232 ; Z19
mode eq 19 then noll = .022 ; Z20
mode eq 20 then noll = .0208 ; Z21
mode gt 20 then noll = .2944x(mode+l.)~(-sqrt(3)/2.)
return, nollx(D/r@)~(5./3)
end




(Noll: residual error - 7)

Remark:

One will often rather start from the evaluation of the rm7 on the residual

wavetront (¢[m])...

Y27 /5]

Here: 6[m] = rmv of the residual wt

=1.25610-°/2xn \/A; =48 nm

And then:

LCw2 otm)?]

St = exp

Here: Si1.25pm = exp(-(22/1.26pm 6[m])?) = 0.94.



(Noll: residual error - 8)

iExercice 2: Which mirror configuration for a ”

{(minimum, other errors excluded) goal Strehl
iratio of 30% in band J (1.25um) ?

 [knowing that: rO@500nm = 12cm and D = 8m, and
’rhaf nb of Z modes corrected = (n+1)(n+2)/2 piston

lincluded, n being the radial order] |

-> For next session: solve this exercice !!
(IDL batch, and also function)



Post-AQO error budget - 8

Aliasing error

2 _ 2 .2 2 2 |
OAO syst. — Ufitt. T Omeas. T Talias. T Otemp. T

Reduce the aliasing error <=> increase the number of
sensing elements (Shack-Hartmann sub-apertures, pixels of

the pyramid) within the WFS



Post-AQO error budget - 9

Temporal error

9 2 2 2 2 .
O AO syst. — Tfitt. T Omeas. T Talias. T Otemp. T ;;

Reduce the temporal error <=> make a faster system
(exposure time of the WFS, computing time for the
wavelront reconstruction, actuating time for the DM)



Post-AQ error budget - 10

Measurement error

| 2 B R 2, 2
OAO syst. — Ufitt. T Omeas. T Talias. T Utemp.

The measurement error has many origins:

- photon noise

- read-out noise (RON)

- dark-current noise

- sky background and possibly instrumental background

- in case of EMCCD: (almost) no RON but additional
noises (exotic dark, « excess noise factor » => Gamma-
distributed noise)



Post-AQO error budget - 11

Photon noise error term

| 2 _ 2 2, 2 2 .
OAO syst. — OUftt. T U meas. T T alias. T Utemp. T

(with Nphot=number of photons/exposure time/subaperture)

Reduce the photon noise error term <=>
1- reduce the number of WFS elements => increase the aliasing error !!

2- increase the exposure time => increase the temporal error !!



Post-AQO error budget - 12

Read-out noise error term

o Y 2 . 2 2 |
OAO syst. — Oftt. T O meas. T O alias. T Utemp. T ;

Reduce the RON error term <=>
1- reduce the number of WFS elements => increase the aliasing error !!
2- increase the exposure time => increase the temporal error !!

3- but also: reduce the impact of RON => use of EMCCDs...



Post-AQO error budget - 13
e o

fitting error:

post-AO PSF =
coherent core
+ residual halo

3
b

seeing pattern

DM

DSPy(f)

science cam. -

v AN

\
/temporal
|
\error |

_______ » aliasing

‘ micro-lens

Airy pattern

meas. error =
»

photon error +

RON error + ..

reconstruction
+ command control



Post-AQO error budget - 14

Generic case: observe as much sources as possible
Problem: most sources are (obviously!) too faint

1- find and use brighter NGS nearby...
=> anisoplanatic error !

=> use more than one brighter NGS nearby...
=> multi-reference AO system (GLAO, MCAO, MOAO)

=> yes, but: specific errors !
=> limited quality of correction

2- create a brighter source (LGS)
=> 100% sky coverage

=> yes, but here again: specific errors !
=> limited quality of correction
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https://www.youtube.com/watch?v=3BpT_tXYy_I

[Laser Guide Star AO - 2

Specific LGS errors:

from star

1- Cone effect (focus aniso.)
2- Tip-tilt indetermination
3- Perspective elongation

In addition (Na LGS case):

- Rayleigh backscattering until ~35km,

- variation of the Na layer column density
(seasonally: a factor ~5! but also short time)
and of the centroid height.

Science w/LLGS: solar system bodies, YSO
(circumstellar material), brown dwarves,
Galactic novae, starbust galaxies, AGN,
radio galaxies, gravitational lenses, clusters

of galaxies, etc.



[Laser Guide Star AO - 3

1- Cone effect

- LGS formed at finite altitude (Hyigs), with HrLgs=90-100km for a Sodium (Na)
LGS, and Higs=10-20km for a Rayleigh LGS.

- If hiager>Higs, the turbulent layer is not sensed.

- Even when hi.yer<Higs, the outer portions of the turbulent layer are not sensed
(with if hiayer=0).

- The turbulent layer at altitude hiayer is also sampled differently by the LGS and the
observed object at infinity (if hiayer=0)
=> the laser beam diameter is reduced by a factor (1-h/H)
=> there is a differential « stretching » between the laser wavelront and the object
wavefront, and:

5
3

D
d_ , with dog ~ 2.91 6y Hygs
0 i

For example: 0p~2.5”, H=90km => do~3.2m.

- Multiple beacons => focal anisoplanatism decreases !

[see Nature cover 01/2000, Ragazzoni |



[Laser Guide Star AO -4

2- Tip-tilt indetermination => tip-tilt anisoplanatism error
(= anisokinetism error)

2

OTT aniso. ™




[Laser Guide Star AO -5

3- Perspective elongation => SH spots elongation
(Na: 10-15km@90-100km, 589nm,
Rayleigh: ~2km@10-20km, 3556nm)
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Quality of correction ? - 1

Toost 40[0,0]
Tperfect|0,0]

where 1/0,0] is the intensity of the PSF at the optical center of the field
(K. Strehl, Zeit. Instrumenkde 22, 213 (1902)).

5=

5 = exp{—0post a0}

in the framework of the Maréchal’s approximation, where the variance
(in radians?) is supposed to be small enough...

-> see also page 4 of Carbillet et al., MNRAS (2017)

50



Quality of correction ? - 2

Approximation which neglects tip-tilt: ratio of the maxima

Ratio of the values at the centre of the image = ratio of the
OTF (see for example the paper by Roberts et al.)

Eq.10 of Tokovinin, PASP (2002):

51



Quality of correction ? - 3

object PSF [S=0.07]

ideal PSF PSF [S=0.79]

1deal Fizeau PSF PSF [S=0.77]

.
> 1mage PSF [S=0.93] > 1mage
\.'
PSF [S=0.67]
PSF [S=0.66]

52









Post-AO PSF morphology - 1

-

no correction corrected (SR = 64%) Airy pattern
Imaging wavelength : 2.2um

Turbulence : 7, = 1m a 2.2um, wind speed = 10m /s, telescope : D = 8m
System (NAOS) : 144 sub-aperture, 185 actuators, 500 H z temporal sampling

frequency ONERA
M




2000

Resolution:
from 1”3

to A/D

e Strehl ratio (in H band):
from 0% to 30+%



Post-AO PSF morphology - 2

i d, from lsft to rFight and frem

lére lumiére LBT, bande K

8 : :

diff-lim’'d  mg-8 mp=9 mp=10
. . . :
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- .

‘mp=15 mp=16 mp=17 seeing-lim’d




Post-AO PSF morphology - 3

Pyramid — SR vs. R—mag
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Post-AO PSF morphology - 4

R band, off— OXIS— O.0arcsec
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Post-AO PSF morphology - 6

PSF post-

i '\ PSF non-corr.
s \\
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0
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See also Jolissaint et al. (JOSAA, 2006) and Jolissaint (JEOS, 2010),
(and also Rigaut, Veran and Lai (SPIE 1998)).




Post-AO PSF morphology - 7

Wide-field AO case: anisoplanatism...

165”

EIREES KN EEE

No AO (See texi)
Classical A

-

4

- : g i " J:|" ¥ .
¥ ¥ : e o ik B Ltk . %
e P ey ns ¢ S Dl | 134" . : e e o ‘
No AO classical AO MCAO s MERTIES 70 NIRRT SO TR TR
N | o b et LT T e
étoile guide /" étoile observée b 99 £ g T .'L- - § " % A 7
' " - a @& !‘. : " " :I - . o
g l:- L] s ]
; ". ' - L '_‘ - b
2 i s iy Vg K4 : 4
- + o .
E l‘ i" i ST T .
-

(bande J, champ de 1’, simu. B.Ellerbroek, Gemini Obs.)

X ’

TELESCOPE




Wavelront sensors - 1

First example of wavefront sensor: Shack-Hartmann

Front d’onde turbulent

e spot turbulent
atrice CCD + axe optique

Matrice de micro-lentilles




Wavelront sensors -

First example of wavelront sensor: Shack-Hartmann
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Wavelront sensors - 3

Another example: the Pyramid WFS

Pupils (abed)

boucle ouver‘g_ﬁ

Large F/ focus

of the telescope Lons Rolay

e Blurred image of
a reference source

= T e —— O

2,3E-02
1.7E—02
1.3E-02
8.2E—03
3.6E-03
-9,1E-04
-5.4E-03
—1.0E-02
—1.5E-02
—1.9E—02
—2.4E-02

pentes mesurées

|
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Waveftront sensors - 4

Another example: the Pyramid WFS

L I - -
-
| A .

WH telescope’s AO system



Waveftront sensors - 5

Lens + pyramid
squTe base

<

e

@ SH: First On-sky AOQO results with COME-ON/VLT in 1989 [Rousset et al. 1990].

@ Pyramid [Ragazzoni 1996], 2-mag. gain foreseen with respect to SH [Ragazzoni &
Farinato 1999], confirmed by Monte-Carlo simulations [Esposito & Riccardi 2001].



Waveftront sensors - 6

Pyramid vs. Shack-Hartmann, 1st round

e Rousset et al., 1989-1990: 1st results of a SH
WFES on sky on the VLT (COME-ON)

e Ragazzoni, 1996: proposal of a pyramid WFS

e Ragazzoni & Farinato, 1999: theoretical gain
of 2 mag. (in limiting mag.)

e Esposito & Riccardi, 2001: gain confirmed by
numerical simulations (but in open-loop and
not the whole AO error budget)

e Carbillet et al., 2003: gain in limiting mag.
confirmed (close loop & whole AO error), but

also in the bright-end (lower aliasing!), from

end-to-end simulations (for FLAO@LBT).



Wavelront sensors - 7
Pyramid vs. Shack-Hartmann, 2nd round

e Poyneer & Macintosh, 2004: spatial filtering of
the SH WFS (lower aliasing error)

e Nicolle et al., 2004: optimized calculus of the
SH signals (lower measurement error)

e Fusco et al., 2005: spatial filtering+optimized
calculus => SH at the level of the Pyramid
(and less uncertainties on stability and
robustness...)

e Vérinaud et al., 2005 (in the framework of
XAOQO and the ELT): Pyramid better close to

optical axis, SH ‘A la Fusco’ better far from it.



Waveflront sensors - 8

Pyramid vs. Shack-Hartmann, 2nd round

| 1 ! | 3

Stellar system at 50 pc
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Figure 3. Circularly averaged residual halo | e
20 photons per sub-aperture) for the SFSH 0.01
(SR = 0.946) and the PS (SR = 0.955) (soli

the WCOG, 20 photons per sub-aperture (dotFjgure 7. Residual halo in the R band for a SFSH-based system (solid line,
sub-aperture (dashed line). SR = 0.79) and a PS-based system (dashed line, SR = 0.81) with a 15-cm

actuator pitch on a 100-m telescope. The guide star V magnitude is 8.2,
seeing = 0.7 arcsec, T¢g = 3 ms, frame rate = 4 kHz.

arcsec







Detormable correctors - 1

Different technologies for correctors:

- piezo-stacked arrays

- piezo-electric bimorph mirrors

- MEMS

- voice-coil adaptive secondary mirrors (ASM)
- multi-actuator adaptive lens (MAL) (1)

Different coefhicients for the fitting error,
different strokes, different possible bandwidths,
different possible number of modes, possible
hysteresis, etc.



Detormable correctors - 2

146mm clear aperture

349 actuators on 7 mm spacing

@Boston MC ME M S

NI Voice-coil
; & ‘ i | (‘adaptive sec;mdary')

A tors plt I %
Piezo-stacked array [ Aaanaes ol 9, \

>4
| ::1 .
Reference body ‘ i

Bimorph 4
}P.

Ji
\ Capacitive sensor ‘

armatures
Responsetime: < 1ms

S — “;‘. £ 38
Position noise: < 3nm rms @ 40kHz !

Magnets

B Thin shell 1.6~2.0mm
' 4

v

Electrode Pattern

(c) Micro gate



Deformable correctors - 3

o Different coethicients for the fitting error:

coeff. devant o, 2?

tthier ooy

o Is the stroke enough ?

If not: necessity to add a tip-tilt mirror...



Detormable correctors - 4

e How many actuators for a given Strehl ratio ?

(considering a coetf. 0.3 for the fitting error)

e ifd =ro ,then: Snax=exp(-0.3) = 0.74 (0.79 with k=0.23)
if d = ro/2, then: Sphax=exp(-0.3/253) = 0.91 (0.95 with k-0.23)



Detormable correctors - 5

¢ Influence functions — > mirror modes

0.15

X axis [m) )
Figure 5: LBT DM: displacement normal to
the surface when the actuator #145 is

displaced by w* = 1 um.




Deformable correctors - 6

e An interesting case: the Adaptive Secondary Mirror
(ASM) technology developed for LBT [Brusa et al. 2003]

Conventional Adaptive
Secondary Secondary

v v

Mieux pour I'IR,
Pas besoin de TTM

WEFS

Plus de photons !

WES




