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71| Optomechatronics Design

CFI/CFT Preparation
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Optomechatronics Systems |

* RC Configuration

* Micro Roughness of the 3 Mirrors < 3.2nm

* Active Optics

e Total WFE Residual Error < 32nm

* 2 Nasmyth Platforms

* Seeing Limited
« FoV (30 arcmin; unvignetted 20arcmin)
* Primary Science Fov 10 arcmin
* Optical Derotator
« Diffraction Limited
* FoV 7 arcmin
« Optical Derotator(s)
* Adaptive Optics (TROTIA)
* Pyramid WFS First Light AO
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Wavefront Phase Distortions

Atmospheric Turbulence @= Telescope aperture

7

Star
%>> _/ % Y5

Planar wavefront from Distorted

a distant point source —/ wavefront

Layer of atmospheric
turbulence

W,=Ae? and W= A elp Y

* A is the wave amplitude, and ¢ is the phase of the field fluctuation.

* A surface over which ¢ takes the same value is called the wavefront
surface.
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Wavefront Phase Distortions

* In an optical system, it is sometimes useful to present the phase (¢) as a 2D surface over
a circular pupil (e.g., telescope pupil).

* The derivation from the flat (planar) wavefront is the wavefront error and is conveniently

represented by a series of orthogonal polynomials over the circular pupil (e.g., Zernike
Polynomials).

“Tin” ' *
‘Piston” | |

‘Defocus ”

‘Coma”
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“Astigmatism
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KA RA KAYA Site ASTE{ONOMiK GORUS KALITESI (DIMM):

Seeing survey 2009-2010 "
3w
(C. Yesilyaprak et al. UAK 2010 )
Astronomik Giriiy
SEEING ANGLE FOR AO MODELING : _ Riizgar
. e-urt Bmln
Tarih N ) ") Vort Nem
” (m/s) (%)
Best 0.5 18.08.2009| 36 | 0.797 0.628 0 35
Median 1”’ 19.08.2009| 72 | 1.660 0.838 5 81
Wi 157 21.08.2009| 34 | 1.179 0.558 2 49
orse L. 23.08.2009| 55 | 0.792 | 0.447 4 2
24,08.2009| 65 | 1.924 1.061 3 11
31.08.2009| 32 | 1.250 0.800 2 61
DM Saturat|0n probab”'ty 02.09.2009 | 67 1.010 0.543 0 53
. 03.09.2009| 62 | 0.986 0.657 0 27
at 1.5” < 0.007 % 04.09.2009| 69 | 1.303 | 0.765 2 25
3t 2” oceurs < 0.3 % 05.09.2009| 81 | 0.975 0.483 0 33
' 06.09.2009 | 33 | 1.087 0.692 0 26
24.,03.2010| 43 | 0.998 0.730 0 93

En diisiik goriis: 0.447" ; Ortanca goriis: 1.060"
Riizgar ve Nem degerleri, Omin 6l¢limi anindaki degerlerdir.
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Atmosphere & Telescope

Parameter Value used in the simulations

Zenith distance 30° (up to 70°)

Cy? profile distribution Paranal observatory conditions
Seeing angle 0.5”7 1.0” 1.5” (good median bad)
Outer-scale (LO) 30m

Wavelength of AO observations 800 nm to 2250 nm (middle @ H band)
Wavelength of AO wavefront sensing <800 nm

AO loop time lag 800 pus (ALTAIR case)

WEFS type Shack-Hartmann

WEFS CCD read-out noise Max 2 e”/px

NGS type G-type NGS (6000K)

NGS magnitude (V-band) Oto 16

Number of actuators across the pupil 10 to 18

Telescope optics D1=3.940m,D2=0.975m, F=56m
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AO Contractual Design Constraints

« Delivering a working AO system is mandatory ©

* requires a solid, proven design (no tech. risks)

« So we started off with a classical design to satisfy
tech specs:

Single deformable mirror (DM) system: proven tech.
Natural guide star (NGS) system (limit. V=15)

Single wavefront sensor (WFS): Shack-Hartmann type
Field-of-view 7’ (diameter)

Classical control: integrator based
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turbulent corrected

wavefront wavefront
! A WEFS

—— Some definitions

array detector
+ noise

The DM actuator pitch
’ HHHl> > value is given as
projected Into the

primary mirror plane.

reconstruction

& control The number of lenslets
IS the same as the
science number of DM actuators.
instrument
Wa T We m actuator
&+ > WFS —> delay
Wc N N

DMit—— C &—— R &——
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Optimal pitch (basic design)

Telescope active optics (aO) was designed such that telescope
residual << than AO residual (telescope is diffraction limited)

wfs pitch in cm @ 1.65 um
We selected during the e e i

telescope design an AO 0.8
pitch of 40 cm

0.6 1” seeing ]
(0
m -
In H-band, with 40 cm pitch: Q.41 ]
— SR =0.75 for bright NGS ool -
— SR =0.30 for V=15 i :
000 e N

4 3 8 10 12 14 16
magnitude
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The Flexible AO concept



turbulent DM shape

wavefront fit to WF

with 277 act. residual = WF-DM

ALPAO 468 DEFORMABLE MIRROR

T -
i i

—
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DMand TT
mirror stroke




DM amplitude specification

* Turbulent phase amplitude has a Gaussian statistics
with variance (rad?)

o2 = 1.0324 (D/ro)"/?

* If we remove the tip-tilt, the higher orders variance is
o2 =0.134 (D /ry)°/3

* For 1.5” seeing, the wavefront error (nm) is

Lo tip-tilt  higher orders total
00 2266 878 2430 nm
30m 1127 829 1400 nm

1) 1S1K UNIVERSITESI



DM & TT mirror stroke specification

* |f DM stroke =4 times 25|gma then saturatlon less
than 0.007 % of the time

Lo DM stroke ;
00 3545 nm ozf
30m 3351 nm

—40
= 0.99993

* For the TT mirror Wy(x,y) =0,x+ 0,y

Lo TT angle plus 0.17 2 cm mir. 5 cm mir. mir.
stroke instr. jitter diameter diameter edge

00 +0.467” +0.567” +113” +45” 5.5 pym

30 m =£0.233” +0.333” +67” +27”7 3.2 ym
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Single DM+TT mirror required stroke

* With a single DM to compensate both TT + high order

_/-\/ I Mechanical P2V

Lg single DM stroke
00 14.545 pm Mechanical P2V
30 m 9.751 pm
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Wavefront sensor specifications




WEFS specifications

* SH design, lenslet pitch 40 cm

* Lenslet field-of-view
* Has to be large enough to accommodate residual TT within

lenslet + lenslet PSF width REVIRSL
o2 =0.01176 (—) (—) rad?]
A To

e We chose 4 times 26 + FWHM : FoV 1.3”

e Pixel size = FWHM of lenslet PSF /2 Ap = 0.155”

o # of pixels = FoV/dpx = 8.4 px so 10 pixels

e 10 lenslets x 10 pixels + 2 guard pixels = 118 px
» 128x128 px detectors (easy to find)

* CCD or CMOS ? “NUVU EMCCD”
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Strehl at 1250 nm

Pyramid WFS - PWFS Pk vy

E = af (51 + S'i:l _ ES-'T - SE:I Oscillating Pyraridal Prism
ar * S1 + Sa + S + S @
ﬂ=£ﬂ [51."'5"-'."]_ [Sﬂ'l_'sﬂ:'
ay ? 51 + 89 + 5z + Sy by
L o the ccseope Lens Relay
e = P-WFS:
i = flexible pitch _ ‘
0l — SHWFS: | g o reforciee unee
. 0.4 m pitch
0-6 Advantages over SHWFS
If we have the freedom to chose the pitch, we
o4 do not have to compromise between quality of
correction and limiting magnitude
0.2r
« SH system is frozen
ool . ... » The Pyramid sensor can adapt its spatial

0 5 10 15 20 sampling
V magnitude of NGS
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Loop frequency, time lag,

computation power




Loop frequency & time-lag

* Phase time scale is about 1.3 ms (TBC with site data)

* Optimal loop frequency is a function of
* Pitch size
* NGS magnitude
* WEFS detector noise
* Wind velocity
* Seeing

* Optimization indicates a frequency between 7.8 kHz
and 100 Hz

e At 7.8 kHz servo+noise error are very low and we can
go much slowly, at 2 kHz

* Time lag for a classical system (ALTAIR) is 0.8 ms
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Wavefront error budget




WFE budget for final design

 Each component of AO & telescope generates an unavoidable error

 WFE for each component
— Some can be computed

— The others can be estimated

 This WFE budget is the reference for the final design

wavefront error component RMS [nm]
DM fitting 68

WFS aliasing 39

loop servo-lag? 0, 20, 100
WEF'S noise 0, 20, 100
wavefront reconstruction” 20

NCPA & unknown 100

AO total (quad.) 129, 132, 191
telescope post-aO aberration® 70

science instrument 100

total (quad.) 177, 180, 227

%n bright, moderate and dim NGS conditions, mV=0, 10, 14.

bthis is a preliminary value, to be confirmed at final design.

“telescope and instrument errors are not part of the AO

error budget and not the responsibility of the AO project development.
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Simulation Tools

PAOLA
« IDL programing language for AO system modelling
« Simulates the long exposure AO corrected PSF at once

« Allows a fast exploration of the AO parameter space to decide on
the preliminary design

CAOS
« End to end physical simulation of AO system
— atmospheric propagation of light
— sensing of the wavefront aberrations
— Integrator control
— correction with a deformable mirror
« Simulates an AO system as realistically as possible
« Each AO component of the loop is modelled with a specific module.
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fitting error only
——

1o T
o ﬁ
PAOLA / CAOS comparison .. \ -
08r diam: CAOS with SINC INF
star: CAOS with Xinetics INF
5 I
OTF — w0=1.0 [asec] — SR CADS : 0.22 — SR PAOLA : 0.23 %O'G__ i
']-D T T T T | T T T T | T T T T | T T T | T T T T I T T T T I T T T T -
| ———— CAOS T é -
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off—axis angle NGS [asec]
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AQ system and telescope parameters for modeling and design

The seeing conditions at the summit median: 0.87", mean: 0.9", minimum: 0.33" and maximum: 2.34"

The design is contractually finalized with a seeing <1.5". It would be excessive to do a design for a larger
seeing angle, the AO system would be over dimensioned, for a seeing that rarely occurs at the site

C\? Profile is adopted using the conditions at Paranal observatory, which are typical of good
astronomical sites (where most of the turbulence is close to the ground)

Outer scale of optical turbulence: Median value is set to 30 m, and worst at 60 m, which are typical
value everywhere. Stroke amplitude specification is done using the 60 m value.

Wavelength of AO science observations: Is from 800 to 2250 nm

Wavelength for AO wavefront sensing: All NGS light up o 800 nm. A dichroic beamsplitter will
separate the science and the WFS light. A neutral density filter will be used for very bright targets
WFS type: IsaPyramid WFS (first light PWFS AO system)

WFS CCD read-out-noise: EMCCD of 128-by-128 pixel from NUVU, with less than 0.1 e/px

NGS type and magnitude: We consider a G-type NGS (black-body spectrum with effective
temperature 6000 K), a range of V magnitudes from O to 18 (exceeds the contractual value V=15)
Number of pixels across the pupil in the PWFS images: 33 pixels across the pupil are required. As
a gap of 20% of the pupil images diameter is recommended in between the images, it comes that the
CCD array must be at least 73 pixels (the detector 128-by-128 from NUVU meets this requirement)
Complience with Telescope optics: Complient

Field optical derotator: inside the central hole of the fork. It allows for a non rotating light beam
and a FoV of 7'. The choice to locate the derotator inside the fork is motivated by saving space on the
Nasmyth platform for the AO system and instruments, with the consequence of limiting the FoV. But
this is actually not a limitation at all, as the AO correction will never (with the current technology)
correct a FoV larger than a few arc-minutes

Deformable Mirror: 468 actuator DM to allow EXAO (Extreme AQO) in K-Band (bright star
conditions) to directly image exoplanets
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TuRkish adaptive Optics system for Infrared Astronomy

TROIA
Strehl improvement: I-Band:< %75; J-Band:< % 89; K-Band:< % 96; L-Band:< % 98
P
o R1 J H K L
o 1.0 e
L ;:;ff:“j
— 0.8 — 0 g: }E};’ M
= = TR A
S 06 5 | - %/ f/x —
oo % IEIB: Ir'f /""jv/ 4
& ool /] f /
Z 04 - k] ?é
.'JE:"'-" E‘ |II / /' f?
5 5 0.7 i firr i ofos
0.9 : [ ; T / .
— .i__*{ /
i | [ f
0.0 Lo . 0.6 ' / LA
0 1 2 3 4 0 1 2 3 4

A [um] A [pm]
Median 0.5" & Best seeing 1" conditions @ NGS V=0
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DAG - Adaptive Optics Systems & Working Principle
TuRkish adaptive Optics system for Infrared Astronomy

TROIA

LEd =

sl (]

ch

L

Strehl Ratio

2 = 2 = = = = = =

2 = [t L)

GS Magnitude: 6, Wavelength: 1.65um
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TuRkish adaptive Optics system for Infrared Astronomy

Contractual

Flexible AO concept
s SCAO

% EXAO (K-Band)
% GLAO
(additional PWFS)

% MOAO
(additional PWFS
+
DM
Allowing tomographic
targeted correction)

¥

TROIA

Design of DM pitch :
Compromise SR vs limiting

magnitude

Actual

Optimum DM pitch size
Wavefront sensor pitch
length

v

Fixed DM pitch of 0.4 m

Shack-Hartmann
Wavefront sensor pitch of

Flexible DM pitch (binning
actuators for larger pitch)

Pyramid Wavefront sensor

flexible pitch

SR

U.im
wfs pitch in cm @ 1.65 um

1.0
o 40.0

0.8

0.6

0.4

0.2

0.0

magnitude

Il 1 Il Il Il
4 8 8 10 12 14 16

!

!

!

!

!

!

!

!

!
wfs pitlch in crn @ 1;65 umI I
i
!

!

!

!

!

!

!

GS Magm‘rude 6, Wavelength: 1.65um
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« Higher limiting
magnitude than SH
sensor

(up to +2 mV)

« Better performance

» Lower level of
spatial aliasing

«  Full flexibility of
adapting the spatial

sampling to the
turbulent conditions

free “equivalent
lenslet pitch”




TROIA

The First Flexible AO g

System Concept

| @ atanthizp
Vietings | 2 a il SO/ =A| 2 B 83x¢- @ sunded Avtomatc | @

Wavefront
Function

1.084e-4
9.519e-5
8.199e-5|
6.878e-5|
5.558e-5|
4.237e-Y
1.0 2.917e-5
1.596e-5|
<2 2.760e-§
-1.044e-|
-2.365e-|
Waves

Z
2
o
2
£

0

Telescope

Folding
mirror 1

detector 'l

Wavefront Function f“a' lane =
— P Folding
08/06/2018 Zemax OpticStudio 15 SP1 Fov=1
0.6000 ym at 0.0000, 0.0000 (deq) =
Peak to valley = 0.0001 waves, RMS = 0.0001 waves. m[rror 2
surface: Image T
EXit Pupil Diameter: 9.9067E+00 Millimeters Gt

Dichroic mirror

The AO optical model on Zemax o

shows that if the alignment and =

optical surfaces are ideals we should Imaging lens

have a total amount of aberration compommigiintd
less than 1 nm (largely dominated by o
spherical aberrations). 1m mirror

<
-+
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Potential Science Cases by TROIA
OUTCOME (FDR accomplished, Production Stage)

The leading AO science cases set are the following :

1. direct imaging of exoplanets (coronagraph),
2. tracking stellar orbits around the black hole in the Galactic Center,

3. investigating the gas content and kinematics of high-redshift
galaxies,

4. studying spectroscopic binaries (particularly very-cool low-mass SBs),
5. protostars and young stellar objects,

6. observations of metal poor stars in the Galactic center.
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DAG - AOS Project

Simulation Result

DAG

AO-Off
AO SYSTEM

Voyager

DAG

DR SYSTEM(s) AO-On

DR-On

Neptune
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DR-I Contractual Design Constraints

* Temperature: Environment operating temperatures must be stated and thermal deformations must

be analyzed. Especially for piezo-motors, mirrors and positioning elements that could expand. The

temperature range will be from-20° C to 30° C.

* Vibrations and shocks: Operational dynamics (from the derotator motor or from the telescope) must

not create vibrations that disturb the system.
- Corrosion and abrasion: The materials choice must be in agreement with corrosion and wear issues.

- Geometry and available space: The derotator field of view is maximized in function of the available
space and mechanical considerations. Optically (only according to geometrical considerations), the
maximal field of view is about 8.3 arcmin. However due to mechanical constrains (cantilever of the

system and internal flexures), the maximal field of view must be reduced to 7 arcmin.

- Kinematic: Derotator working accelerations and speeds are really weak. However, the maximal speed

and acceleration will be estimated for telescope slewing.

- Rigidity, stress and deformations: This is a critical point in the development. Stiffness directly

affects the precision of the focal point position.
- Control system: The telescope will be controlled with a Beckhoff drive system.

- Manufacturing processes: Feasibility of manufacturing processes are taken into account.
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DAG - Derotator System-|
r 4 o 48

rid llL‘!i

Sensor Sky
fra me..—

Celestial rotation
Trajectory

Horizon

-

Spot diagram
Tracé de rayons 3D 0.03

0.02 @
0.01
x 0 o
-0.01

-0.02

-0.03
-0.03 -0.02 -0.01 0 0.01 0.02

Y
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DAG - Derotator System-|
OUTCOME (FDR accomplished, Production Ongoing)

FoV: 7 arcmin

Rotation speed: min 0.02°/s - max 1.1°/s (depending on elevation O°-
85°, & azimuth range 0°-360°)
Continuous derotation range: =+340°
Setting: Nasmyth flange (Diffraction Limited Platform)
Survival temperature: -20° - +35°(contractually)
Operating temperature: -15° - +15°(contractually)
Configuration: K-mirror
Housing: Carbon fiber
*2 pending international patents
EP18020209.5
EP18020210.3
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DAG - Derotator System-li
Ongoing Design Process (PDR achieved FDR undergoing)

FoV: 20 arcmin

Rotation speed: min 0.02°/s - max 1.1°/s (depending on elevation O°-
85°, & azimuth range 0°-360°)

Continuous derotation range: =+340°

Setting: Nasmyth Platform (Seeing Limited Platform)

Survival temperature: -20° - +35°(contractually)

Operating temperature: -15° - +15°(contractually)

Configuration: K-mirror

Housing: Carbon fiber
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OPAM Prospective Projects: DAG — PSF Reconstruction

Atmospheric

turbulence 0
Observed P —— - | neorrected > AoA methodology o ——
Star I 9o 96 compulation |
I
| ience-
b + Prurbulence ! AO 0} SCCall(:T?eCI’Z
—_— —1 total  m—py
System image (1)
O- Observed Image op Pp; DM commands & WFS
> > measurements computed >
Pcorrected phase

I-0®PSF

B Closed Loop i Closed Loop + Deconvolution

a) A
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OPAM Abilities

Telescope Construction Proposal (TMT- 30m Telescope, DAG - ODA Project)
Telescope Design (DAG - 4m VIS/IR Telescope, TUG 2.5m VIS Telescope)
CFI/CFT Documentation Preparation (DAG, TUG)

Project Management (DAG)

AO system development (TMT - NFIRAOS, DAG - TROIA)

PSF Reconstruction (TMT, DAG, KECK)

Derotators (Seeing Limited Platform - DAG; Diffaction Limited Platform - DAG)




OPAM Abilities
- Space (SST & SSR Applications)

30 microns 30 microns 30 microns

OPAM

2m Telescope

4m Telescopes




Defense and Optical Communication




. EIE GROUP with
| ~ OPAM Collaboration FOR
ol O | | . SST

The interest on SST/SSA applications is constantly
increasing, due to the raise of a large number of
commercial satellite operators, the need to protect
space assets, the strategic interest related to the
possibility to monitor third party space assets.

EIE GROUP experience in the field of telescope design
and realization is now at the service of companies and
institutions involved in SST/SSA. With collaboration of
OPAM in the field of Adaptive Optics, the system can be
equipped with state-of-art hardware & software
solutions for object identification and fracking.

Design to Cost
Design/Production on a Custom Basis
Reliable

Proven

Productive

Tailored

Sustainable

Maintainable

Durable (Long Term Facility)
Innovation

ligellgligle




Altitude
Structure

Azimuth
Structure

Assembly of
V' stow pins

- Js ¥
linear /. N subreflector

actuator, mechanism
control

subreflector system
mirror
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PRODUCTION & SERVICES




OPAM Collaborations

AM@3 e =

0y

HE BHUUD ¢9 | CROGATE
| n
4’\ ‘ Australian
T National
ATASAmS VALY UnlverSIty

W. M. KECK
OBSERVATORY




FMV ISIK UNIVERSITESI OPTOMEKATRONIK
UYGULAMA VE ARASTIRMA MERKEZI IKT. ISL.

Mesrutiyet Mahallesi, Universite Sokak No:2, 34980, Sile / Istanbul
Phone: +90 (0 216) 528 72 85
Fax : +90 (0 216) 712 14 76
www.isikun.edu.tr/opam
e-mail: opam@isikun.edu.tr , onur.keskin@isikun.edu.tr
Contact person: Assist. Prof. Dr. Onur keskin (OPAM Director)
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