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ABSTRACT

Direct detection and spectral characterizationxfaesolar planets is one of the most exciting ehdllenging areas in
modern astronomy due to the very large contrastdmt the host star and the planet at very smalllangeparations.
SPHERE (Spectro-Polarimetric High-contrast Exopld®esearch in Europe) is a second-generation mstnt for the

ESO VLT dedicated to this scientific objectivectimbines an extreme adaptive optics system, vadousnagraphic
devices and a suite of focal instruments providingging, integral field spectroscopy and polarimeipabilities in the
visible and near-infrared spectral ranges.

The extreme Adaptive Optics (AO) system, SAXO, lie heart of the SPHERE system, providing to thersific
instruments a flat wavefront corrected from all #temospheric turbulence and internal defects. Vésegnt an updated
analysis of SAXO assembly, integration and perforoea This integration has been defined in a twp ptecess. While
first step is now over and second one is ongoing, pnopose a global overview of integration resuliee main
requirements and system characteristics are briefiglled, then each sub system is presented amdathrized. Finally
the full AO loop first performance is assessedstFiresults demonstrate that SAXO shall meet itsllexging
requirements.

Keywords. Adaptive Optics

1. INTRODUCTION

The SPHERE system [1] aims at detecting extremeilyt fsources (giant extra-solar planets) in thenitic of bright
stars. Such a challenging goal requires the use lifjh-order performance Adaptive Optics system QXAStill, the
very high expectations of SPHERE not only require ise and the optimization of such an AO systamthey also
require an extreme control of the system intermdiécts [2] such as Non Common Path Aberrations (AS}Poptical
axis decentering, vibrations, coronagraph and ingagiystem imperfections and so on, leading to efdit devices in
the AO concept to reach the ultimate detectiontli@bnsequently, demanding requirements have befined for the
SPHERE AO system SAXO. To validate such a compléxsistem, Acceptance, Integration and Test (AIT3AKO
has been defined as a two step process. Duringtastep, the AO main components (active mirroisible WaveFront
Sensor (WFS), infrared WFS, Real Time Computer (JRE@atial filter) have been integrated and testea dedicated
AO bench, located in Observatoire de Meudon. Tkisch allowed a functional validation of each conenir{3,4] and
more globally of the AO functionalities, thoughvias not designed to assess the final performanc&QofA first
Acceptance and Readiness Review (ARR) was stillethout. In a second step, the AO components haea removed
from this bench and shipped to Grenoble to be mateg in the final system (Common Path InfrastrgtuThis is the
present status of the system. AO is currently bested for final performance assessment and aspobvide SPHERE
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instruments with coronagraphic images. This artjpleposes a status of SAXO at ARR after first irg¢ign and
optimisation in Meudon, and current status afteintegration in common path of SPHERE system anGinée.

After a short summary of SAXO requirements and glegSect. 2), we propose an overview of the AITS#XO in
Meudon and work arounds used to validate the AQtfanalities in spite of the bench limitations (8€%). We then
propose a status of its main components and festopmance assessment at ARR (Sect. 4). Finallypmpose a
description of the current validations and perfano®results in SPHERE system.

2. SAXO REQUIREMENTSAND DESIGN

SAXO high level requirements are described in @ summarize hereafter the main requirements thatedthe
SAXO design:

¢ Residual Tip-Tilt (TT), in normal conditions (segis 0.85 arcsec, average wind speed = 12.5 m/s, 28 m,
Guide Star (GS) magnitude < 9 (in V, GO star)) im&s rms.

¢ Turbulent residual wavefront variance on correctedies in normal conditions is 60 nm rms

e Strehl Ratio (SR) (at 1.6 um) is higher than 15%aor (seeing = 1.1”, wind speed = 28 m/s GS niadai<
8) or faint (normal conditions with GS magnitudé?) conditions

e System pupil shall stabilized in translation bel@®% of pupil diameter

«  Stability of image position (hence compensatiomufge movements due to differential atmospheripeatision
between Vis and Near Infra-Red (NIR) bands foranst) shall be better than 0.5 mas

*  The residual non common path aberrations shalbwer than 0.8 nm per mode.

* AO system shall pre-compensate for 50 nm rms of cmnmon path defocus and 40 nm rms of the 55 first
Zernike modes.

These requirements lead to a drastic optimizatfaheAO loop to fulfil the tight error budget assated.
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Figure 1. Overview of SAXO functional and contrédgram

The SAXO system is then composed by 3 loops plesodihline calibration (Figure 1):
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e Main AO loop (1.2 kHz): correct for atmospherideszope and common path defects.

* The Differential TT (DTT) loop for fine centring onoronagraph mask (correction of differential fip-t
between VIS and IR channel).

e The Pupil TT (PTT) loop for pupil shift correctidtelescope and instrument).

¢ Non Common Path Aberrations (NCPA) pre-compensatitiich will lead to the reduction of persistent
speckle

SAXO thus gathers the following elements:

« A high spatial (41x41 actuators) and temporal fesmies Deformable Mirror (DM) provided by CILAS to
correct for phase perturbations but the tip-tilt.

« Afast (bandwidth at -3db larger than 800 Hz) Imagé (ITTM) for image motion correction.

* A 40x40 visible Spatially filtered Shack-Hartmarvil$-WFS) [5] with EMCCD 240x240 pixels working at
1200 Hz and a read out noise smaller than 1 espahial filter device is added in front of the WSreduce
the aliasing effects.

A Real Time Computer (RTC): the overall AO loopale(defined between the first pixel read on thescletr
to the last voltage sent to the DM) shall be eqoid ms. A mixed control law shall be implemented’TC to
handle separately ITTM and DM control [3]: Optinmabdal gain integrator for the DM mode and Kalmadtefi
based control law for the tip-tilt mode (Linear @uatic Gaussian (LQG) control). This Kalman filtsntrol
law shall correct for 10 vibration patterns locagedund the AO system bandwidth

e A phase diversity algorithm which will measure amtimize the non common path aberrations (NCPAhat
level of the coronagraph.

e Aslow Pupil TTM (PTTM) close to the entrance fopédne to correct for pupil shifts

A slow infra-red Differential TT Sensor (DTTS) omet scientific channel measuring the differentipitiit between the
common and imaging paths. Differential TT is coteglcby use of a Differential TT Plate (DTTP) loghia the main
AO loop.

3. SAXO COMPONENTSTEST BENCH AT OBSERVATOIRE DE MEUDON

As a first step of integratiof§AXO components, as described in previous secliame been installed in Meudon
Observatory, Paris, in clean room, in a fully datid AO bench as can be seen in Figure 2. Thishbese been taylor-
made for SAXO components that would then be shipjpede-integration in SPHERE system after validati An
overview of the bench with identification of the %@ components is proposed in Figure 3. A turbulesicaulator is
used to reproduce realistic turbulence condititnis. based on 2 rotating phase screens, induciriulence with Von
Karman statistics, with variable speed, conjugatethe system pupil, and providing seeing condgioh respectively
0.62” and 0.84".

This bench allows testing the AO components widpeet to their specifications and the overall AQctioning with

the RTC. First integration results and componehgsacterization were presented recently [4]. $t8lunderlined in [4],
some limitations, either in the early version ofrgmnents or in the bench design limited the intégmaand tests
procedure. Components limitations mainly affectesl HODM and the Visible WFS, leading respectivelyhigh static
residual wavefront error due to HODM poor flatn€ss8um surface error PV at rest) and limited sangpfrequency
(125Hz). Since them, these problems have been dolkecylindrical lens has been introduced in thendbe to

compensate the HODM defects down to a residual @awefront error PV. The visible WFS has been uptiatmwing

a full speed use of system at 1.2 kHz.

Additional functionalities could not be fully testelue to bench limitations. In particular low fltesting could not be
performed. DTT loop and PTT loop could only beedsftunctionally. In the end, this bench allows &fprm some first
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performance assessment, though, due to thesetlonga comprehensive performance tests are limatedl have been
postponed to integration in SPHERE final syste@r@noble.

Figure 2. Picture of SAXO test bench in Meudon @lezom

briP Vis- imaging
Spatial filter camera IR-WFS
Vis-WFS

Turbulence simulator

ITTM
PTTM

Figure 3. Overview of SAXO test bench in Meudorthvthe SAXO components.

An Acceptance and Readiness Review (ARR) of theh&®been performed in these conditions, prior éosthipping of
the AO components to Grenoble and their re-intémmatf the SPHERE system. Description of the vasioamponents
status at ARR is proposed in table 1.
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Table 1. Summary of SAXO components status at ARR.

Component Component Status + functionality statusRR

High Order Deformable Mirror (CILAS) 41x4{1 Model #1, limitations: flatness see [4], 4 deaduatirs, and
piezo stack DM high frequency behaviour defects

Image Tip Tilt Mirror, high speed tip-tilt Within specifications. Fully functional up to 1209H
(LESIA)

Differential Tip Tilt Plate, to correct the tip4il Within specification. differential TT loop functiah at
between wavefront sensor (WFS) beam and NH®minal speed (between 1 and 10 Hz) though perfocea

beam (LESIA) assessment limited by bench design.

Pupil Tip Tilt Mirror, to keep the pupil locationWithin specifications. Pupil loop functional at nival

stable in SPHERE (PI) speed (0.033Hz) though performance assessmengdirnit
bench design.

40x40 Shack-Hartmann WFS (ESO) Partially withincsfi@ation. Functional at nominal speed

(1200Hz), but gain limited up to 100.

Spatial filter (variable square pinhole) (IPAG) waly within specifications. Spatial filtering fational
though must be re shaped to have a proper squeeé4}.

NIR Differential Tip-Tilt Sensor (ESO) Within spdiciations. Fully functional at nominal speed.

Real Time Controller: SPARTA platform,Almost within specifications. Fully functional atlf speed
(ESO). on all loops. Wavefront sensing and control lawsdeted,
part of high level functionalities available andigated

4. FUNCTIONAL VALIDATION AND FIRST PERFORMANCE ASSESSMENT

All the critical components of SAXO (ITTM, PTTM, D P, DM, RTC, Visible and IR WFS, spatial filterave been
successfully tested. It has been demonstratedrbat of them are (or will be in a very near fututempletely within
the specifications. Some defects have been idedt{@specially concerning the current version ef ftM) and some
solutions have been provided to overcome the irdllingtations.

The coupling of all the components in a single,ezeht and efficient AO system has been performeateMhan 90 %
of the SAXO functionalities have been successfuliplemented and tested for ARR (at least from ational point of
view).

A preliminary coupling of SAXO (mainly its RTC SPAR) with the INstrument Software (INS) has also tee
performed. From a performance point of view seieists and measurements have been conducted.

This performance tests can be separated in two iteains:

*  The optimization of SAXO internal performance thaié the NCPA correction
¢ The optimization of SAXO loop parameters and theasneement of final performance obtained using the
turbulence simulator and both a Visible test canagichithe DTTS sensor (in its wide field mode)

4.1 Main components and functionalitiestesting

We propose hereafter some comments on the tedt®gx0 key features. First of all, we focus on Hi@nder DM and
its control law. Apart from its static defects dissed before, the DM has been extensively testdd respect to its
dynamic performance. Over 1377 actuators, 4 arieallyt or electronically dead, and about 6 onesent some high
temporal frequency defects induced by high impedateading to oscillatory behavior at high gainisThehavior is
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however strongly dampened through modal contraledénl, as described in [3], DM control is definedaoparticular
Karhunen-Loeve basis and ensured by Optimized M@dah Integrator.

Figure 4 shows the correct behavior of DM and @stml law for various gains and provide a firstiregte of global
delay of the system, estimated to 2.14 frames,invgpecifications (nominal: 2.2, goal: 2). Contilmlough OMGI, with
online optimization of gain has been also validafEkis control law being prone to wind-up effeat, anti-wind-up
procedure, associated to garbage collection (feardéid mode stabilization) has been implemented\atidated. This
leads to improved robustness in stability and perémce has shown in [8].
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Figure 4. Experimental Rejection Transfer Funct{&®TF) of the HODM integrator based control loop ¥arious gains,
compared to theory. As a scalar gain is set omatles RTF are averaged over all valid actuators.

Another particular feature of SAXO control scheragtie decoupling of ITTM and DM controls, as ITTMntrol is
ensured through Linear Quadratic Gaussian cordr&ld. Kalman filter). This control law has beemms#n both for its
optimal rejection of turbulence and vibrations. Dagling between ITTM and DM was tested and provedt t
contribution of DM to ITTM closed-loop correctioim variance, corresponds to a ratio lower than §8}6ITTM
control through LQG works fine ensuring vibratiatieking (see [8]). Final performance is still t@ lassessed with
automatic identification procedure of turbulence aibration parameters.

Visible WFS has undergone its major upgrades afigwa full speed control of the system (1.2kHz) asé of the
electronic gain amplification up to a gain of 10%ssociated to it, a spatial filter is used to filteut high spatial
frequency components and reduce aliasing. This ooewt already proved its efficiency [4].

Finally, 95% of RTC functionalities have been vatiell. SPARTA platform proves to be well within Sfieation, from
all point of views, ensuring the 4 real-time AO pso(DM, ITTM, PTTM, and DTTP) control, and all th@line
optimizations (parameters, modal gains optimizatéoni wind-up, garbage collection, first data me&ing and storage).
In the following, we address NCPA compensation fastlperformance assessment in Meudon.
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4.2 Optimization of SAXO internal performance

Optimisation of SAXO internal performance (meanimghout turbulence simulator, using AO entranceafoglane)

relies on NCPA estimation and compensation. Tolréhe specification of 4nm RMS on all pupil of disal NCPA a

specific NCPA compensation iterative procedureliesen designed [9]. It shall also optimize the NGBApensation at
the coronagraph level to reduce persistent specklagng tests in Meudon, the NCPA compensatiorcedore has
been optimized, without coronagraph. This optimiarathad however to account for bench limitationsstf- object

source proved not to be an unresolved point likec®due either to some source defect or ghostrBedn addition to
central obscuration, pupil illumination proved te bon uniform. These two phenomena require paatidundling in

NCPA estimation and SR computation.

In the following, performance is given either inugh SR or corrected SR. Rough SR is direct comiputaif SR
accounting only for background and pixel respongewithout accounting for object profile and puifiiimination non
uniformity. This SR estimation is then correctegtovide refined estimation of performance.

residual phase rms (in nm)

2 3
pseudo closed loop iterations

(@)
N

Figure 5. RMSs value (in nm) of the residual prelsag NCPA compensation iterations. The very figihpis the NCPA
value before any compensation.

Figure 6. Experimental PSF obtained at eachtiteratep.

NCPA iterative procedure is extensively describefllD]. We only remind that aberrations are estadahrough phase
diversity and correction is applied by conversiohtloe estimated phase into reference slopes orbl@isiWFS
modification. The procedure is repeated iterativelyensure convergence (pseudo-closed loop schéteellt of the
procedure is described in Figure 5 and Figure §uikk and efficient convergence below 4nm rms ¢ihested residual
aberrations is obtained in 4 iterations, with angigant improvement of the PSF. This test hasnbeerformed in the
visible (635nm), using a Hamamatsu CDD imaging cam8ame procedure and convergence has been abtailie
on the DTTS used as imager. It is important toeulie that corrected SR are in very good agreeméhtperformance
estimated from NCPA residual aberrations estimatarconvergence 3.8 nm rms that is 99.8% SR toobepared to
99% corrected SR). As a conclusion even if compradf SR is a tricky job and 100%confidence in &Rimation
cannot be ensured, results proposed are coherégnphase estimation.
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Rough SR/corrected SR 64.4 %/ 78% 80.8 %/ 99%

Figure 7: Visible images at 365 nm. [left] withard [right] with NCPA compensation. Top and bottsecondary peaks
are due to high frequency defects of one paralfdtaedbench. Use of spatial filter allows avoidaigsing (see [4]), rough
and corrected SR are given below.

A 80.8% rough SR is obtained after NCPA compensatomrresponding to 99% corrected SR. Interactietwben
spatial filter size and NCPA estimation and compéina procedure has also been investigated shothiaigNCPA
correction shall be optimized for the nominal saldilter size.

4.3 SAXO performance

We now consider performance assessment in presériaebulence simulator. Source is placed at ecgdncal plane
of the simulator. Turbulence is generated with phase screen for a 0.87 arcsec seeing and variodsspeeds.

a b C d

Rough/relative SR 67%/100% 42%/ 62% 41%/ 61% 37%/55%

Figure 8: Turbulent visible images (635 nm). aerefice PSF with NCPA compensation, closed loop emauphase
screen, b, ¢, d: closed loop on 0.87 arcsec séeihglence, with wind speed 2, 5, 10m/s.Rough/cteteStrehl Ratio in
visible are indicated.
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I 0: IDL (1024x256. 1)

a b c d
Rough SR/relative SR 88%/100% 84%/ 95% 84%/ 95% 83%#R4
Figure 9: Turbulent IR images (1.6pum). a: refere®8&& with NCPA compensation, closed loop on dumhasp screen, b,
¢, d: closed loop on 0.87 arcsec seeing turbulemitle, wind speed 2, 5, 10m/s.Rough/relative StreltidRa IR are
indicated. Ghosts are visible at bottom and rige.s

Using the turbulence simulator and without the tlehce the rough SR drops from 80.8% down to 67Bts 1§ due to
the impact of pupil illumination non uniformity, with is far greater using the turbulence simulatorgd a resolved
source (bigger fiber size). As it becomes tedi@usarrect SR from these two problems when turbwesdnjected and
corrected, we compute a relative SR, defined agdtie of measured rough SR by rough SR obtainemiraulence
simulator focal plane but without turbulence. Resuh term of PSF and SR are proposed in Figurer &isible (635
nm) and IR (1.6um).

IR and visible performance are fully in agreem&uslative SR indicates a performance larger than $&®4%or a 10m/s
wind speed and 0.87 arcsec seeing in the IR wiicbinpliant with FDR simulations.

5. SAXO IN SPHERE COMMON PATH (GRENOBLE)

Following the success of SAXO ARR in Meudon obstrmg the SAXO components have been dismounted and
shipped to Grenoble for re-integration in SPHEREwmnN path. All components have undergone a systemattrol

and functional validation. As SAXO is in the heaftthe global SPHERE system, the basic strategyfingtso ensure
performance after re integration were at the lefethose obtained at ARR. Then second goal wadlaav ajuickly
integration and testing of all components in thespnce and eventually in full cooperation with A4B.a consequence
the global AO loop functionalities have been vakdbhand various components have been updated (@/isi@vefront
sensor and RTC software upgrades). Then a regutauser-friendly use of AO has been ensured. Vgefropose an
overview of this re-integration and its specifisuss. We then discuss first results obtained inncompath with IRDIS.

5.1 SAXO componentsre-integration and upgrades

While most components have been re-integrated with@jor issue, re-integration of HODM was troubleg. Indeed,

while a cylindrical lenslet could be used to congaa for the HODM own optical static defects (14n6wavefront

error PV at rest) on the Meudon bench, this satutiould not be applied in SPHERE system in the radsef an

intermediate pupil plane. To circumvent this litida one of the SPHERE bench toric mirror has bpetunder

mechanical constraint to introduce astigmatism emehpensate for most of the HODM own defects. U thOum

wavefront error PV is generated on one toric miteading to a residual 5 pm wavefront error PVhds been checked
that the use of this constrained toric mirror pthat of a pupil plane generates less than 0.2%nafmorphosis
(ellipticity of pupil), fully within specifications

Previous limitations spotted during first phaseénégration in Meudon have been also corrected. Sfaial filter now
exhibits a perfect square shape with a size anifig@iag accuracy lower than 5 um, and visible WikStations (gain
amplification mostly) have been solved allowingta@ x1000 gain.
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Finally, RTC, also known as SPARTA platform, deyedd by ESO, has undergone its last upgrades, Heedfiting
from all its high level functionalities.
Figure 10 shows the SPHERE optical bench with SAS¢@ponents integrated, when the optical bench tilasrs the

ground for fine alignment. In particular, the HODMI visible at the front bottom. The optical benddstheen then
transferred to its final position on the dampingteyn and within its enclosure, at some 2.5m higguie 11).

Figure 10: SPHERE optical bench, on the groun&#XO components integration and alignment. Bottoontfr HODM is
visible, on the left, black box is IFS.

| e

Figure 11: SPHERE system. Optical bench is mouateils damping system and within its black enclesur
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5.2 First performancein common path

While AO loops are already functional, turbulencadator is not available. Performance assessmasnbbeen focused
on optimization of internal performance through MCgmpensation, down to IR dual imager IRDIS, ia titospect of
optimization of performance at coronagraph level.

More details on NCPA estimation and compensaticBRHERE system can be found in [10]. We only gatieee final
results. It is shown that once again, object peoéihd pupil illumination homogeneity are critical, addition to flat
fielding of the camera. All these elements beingpaated for, phase diversity allows to estimate R@RAd compensate
them through the reference slopes modificatioméiterative process.

We propose in Figure 12 a comparison between axgatal PSF as obtained on IRDIS IR imager using SAYosed-
loop and numerical PSF as reconstructed by phasesity. Matching is very good and allows compeingpaberrations

(see Figure 13).

Figure 12: [left] experimental PSF focus and defacliobtained with AO loop ON, no turbulence (inédperformance
estimation) on IRDIS imager. Defocus value is 0&dians RMS. No NCPA are compensated here. [righth&fical
images (focused and defocused), reconstructed Piomse Diversity aberrations and object measuremémsod matching
with experimental data is visible.

Figure 13: Focal plane PSF. Without NCPA compensatind after 2 iteration NCPA compensation. Imadhresholded
and saturated to enlighten the PSF quality.

The NCPA procedure that aims at estimating and emsgting for the NCPA in the SPHERE system has liees

validated. Improvement of PSF quality are spectacworrected Strehl Ratio increases from 90 toentban 99.6% at
1.589um, thus demonstrating the NCPA compensatibarse. Residual aberrations estimated are lesslran RMS,

which is 99.6% Strehl ratio, and fully compatibléthwStrehl Ratio estimated in the images. Therstils room for

performance improvement as the current imagesrsufifem limited signal to noise ratio, which shia# improved by
dithering. Moreover, additional defects such as filld, glitches in images etc can be taken intocaint to improve
NCPA estimation.
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6. CONCLUSION

While SAXO AIT are still on going within the SPHEREstem, tests performed so far have proved thabalponents
were within specifications, except high order DM ¥ehich workarounds have been found and validaiée. system is
now fully operational, with 95% of its functionadis available and validated. First performance ssssent has been
performed, showing that NCPA compensation down tomdrms of residual aberrations can be reachedigbfifter is
operational and provide efficient aliasing reduestidMain control laws have been validated. Firstrection of
turbulence, compliant with FDR, has been shownh @R up to 90% in IR with 0.87 arcsec seeing ananiwind
speed. Still, performance needs to be assessdwefuih particular within SPHERE system and in riatéion with
instruments, and fine optimization shall be perfedmThis last phase of AIT is currently on going.
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