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ABSTRACT

The SPHERE (Spectro-Polarimetric High-contrast Hxoget Research) instrument aims at detecting exierfaint
sources (giant extrasolar planets) in the vicioftpright stars Such a challenging goal requires the use of g-figh-
order performance Adaptive Optics [AQ] system fagdihe scientific instruments with a quasi-perfiéat wave front
corrected from all the atmospheric turbulence amdrnal defects. This AO system, called SAXO (Sphap for
eXoplanet Observation) is the heart of the instmime heart beating 1200 time per second and prayighprecedented
image quality for a large ground based telescopmptital/near infrared wavelength. We will prestrd latest results
obtained on-sky, demonstrating its exceptionalgrarince (in terms of correction quality, stabibtyd robustness) and
tremendous potentiality for exoplanet discovery.

Keywords: Instrumentation: Adaptive Optics, Coronagraph, Hi@ontrast Imaging - Methods: Wavefront Sensing,
Control, Phase Diversity, Shack-Hartmann

1. INTRODUCTION

Direct detection and spectral characterization xdpéanets is one of the most exciting but also ohg¢he most
challenging areas in the current astronomy. In tinamework, the SPHERE (Spectro-Polarimetry Hightcast
Exoplanet Research) instrument has been recerstglied on UT3, one of the four 8-m telescopeshef European
Southern Observatory Very Large Telescope (ESO \adfTRaranal (Chile). The main scientific objectofeSPHERE
[1] is the direct detection of photons coming frgiant extrasolar planets (between 1 and 20 Jupiisses). Any
detection will then be followed by a first charateation of the planet atmosphere (clouds, dustargtnmethane, water
absorption...). In addition, the survey of an extehdeimber of stars (typically a few hundreds) is dadary for
performing meaningful statistical studies. Suchrexiely challenging scientific objectives directlarslate into a
relatively complex high-contrast instrument. Corgraghic and smart imaging capabilities are esdefotiaeaching the
high contrast (close to the optical axis) requif@ddirect extrasolar planet detection. From theugd, the core of any
high-contrast instrument is an extreme adaptivecepfXAO) system. Such a system must be capablenaifing
corrections for the perturbations induced by thmcepheric turbulence as well as for the internariations of the
instrument itself. In that context, SAXO (Sphere f@o eXoplanet Observation), the XAO system of SIRffEhas been
designed, integrated, tested in labs and finallgky) by a European wide group of AO scientists Bndineer, led by
ONERA with the strong support of ESO. A compreheasiesign of SAXO and the detailed descriptionhef nain
system choices can be found in [2]. The final Eeap AIT (Assembling Integration and Test) of SAX@véa taken
place in Grenoble from 2012 to 2013 [3]. We reploete the final SAXO performance obtained during ther



commissioning runs (obtained from May to Novemb@t4) on UT3 one of the four eight meter class talps of the
VLT, as well as the very first year of operatio®13),

2. SPHERE IN A NUTSHELL

The performance of AO [2, 3,4] of an exoplanet bumind its impact on the final detectivity is ofrpe importance: a
better AO correction leads to a better coronageinction and less residual (quasi static or fasying) defects. To
meet the requirements in terms of detection thegsed design of SPHERE is divided into four sulesyst namely, the
common path optics and three science channels.cdhenon path includes pupil-stabilizing fore-optitip-tilt and
derotator) where insertable polarimetric half-walates are also provided, SAXO the XAO system withisible wave-
front sensor, and near infrared (NIR) coronagramlégices in order to feed the infrared dual-imagapgctrograph
(IRDIS) [5] and the integral field spectrograph$)H6] with a highly stable coronagraphic imageha NIR. The third
channel is dedicated to visible differential pataetry (ZIMPOL) [7].

The three scientific channels gather complemeritestyumentation to maximize the probability of elaoyet detection
and to give us access to a large range of wavélergtd information (e.g., imaging, spectra, andfatior().

The concept behind this very challenging instrumeiitustrated in Figure 1. Since May 2014, SPHERIhstalled on
the third unit telescope (Melipal) of the VLT. Aftel months of extensive and comprehensive testsu§toess,
performance, easiness of use). It is now operédoastronomical community for the next observapeniod (April
2015). After less than one year of operation, thendific returns of SPHERE is already quite examml with more the
20 referee papers on several topics (disk, soktesybodies, exoplanet ...)

Common Path

Fore optics

Vis

SO0 P Coronagraph ||

NIR Coronagraph

Figure 1 [up-left] Global concept of the SPHERE instrument, indicatilng four subsystems and the main
functionalities within the common path subsystemti€al beams are indicated in red for NIR, blueVis, and orange
for common-path[up-rightf SPHERE on the telescope: 6x4x2%1@ tons, resting on 3 anti-vibrations pillars. A
monster with unprecedented image sharpness anchbptability.[down-left] As an exampleJ-band saturated image,
coronagraphic and processed images with a compaptanSgr b, a very low-mass star 4,000 timestéaiat 0.24 from
its parent stafdown-right]: dust ring around the star HR 4796A



3. SAXO, THE SPHERE EXTREME AO SYSTEM

SAXO measures and corrects any wave-front pertimbafrapidly varying turbulence or quasi-static tinsental
speckles [8]) in order to ensure an unprecedembadié quality on ground -based telescope. It gatwre of the most
worldwide advanced components and AO conceptsctirporates a fast (800 Hz bandwidth) tip-tilt roirr[TTM] an
active Toric mirror[9] and a 41x41 actuators (13&Tive) deformable mirror [DM]. Wave-front sensiisgbased on a
filtered Shack-Hartman concept, using state ofalteEMCCD[10] running up to 1200 Hz with less thai e- of
equivalent read-out-noise. The filtering pinholsideed for removing aliasing effect [11,12] is aunsdically adjusted as
a function of the atmospheric conditions. The uopdented EMCCD characteristics combined with cleestroiding
technics (weighted center of gravity[13,14]) allo8&XO to have impressive limit magnitudes:
- the ultimate performance limit magnitude for whitte instrument meets its initial requirements im of
wave front correction, magR = 9 — 10, where theltSR band is higher or equal to 90%
- the “classical” limit magnitude for which the AOstgm still provide a significant gain (typicallyfactor 5 to
10 w.r.t. the purely turbulent case), magR = 1%~ 1

A real time computer (SPARTA) controls the TTM adbi with a final latency of 80 us. It incorporatesrmdal gain
optimization for DM modes and a Linear-Quadratici€san law[15] specifically designed for TTM in erdto
automatically identify and filtered out up to 1(bration peaks randomly spread between 10 and 300Thiz last
feature allows reaching a final residual jitter lebs than 2 mas rms (1/20 of the H-band diffragtiamich is
fundamental to ensure the optimal operation oflmdous SPHERE coronagraphs. SAXO has also twdiarkioops
which ensure
- afine centering (at 1Hz) on the coronagraph bymensating for chromatic effects using a specidip-tilt
sensof16] and a Differential Tip Tilt mirror;
- A pupil centering (at 0.1 Hz) to compensate foesebpe run-out. It is based on the analysis of &¢ esub-
apertures flux and the correction using a smatliittipnirror located very close to a focal plan€]1
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Figure 2 SAXO performance measured in labs (various curaed)on sky (dots).
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Figure 3 NIR(H) and VIS(l and R) imaging of the same obj&dt the images have the same FoV (1.8 arcsec).
From top to bottom: seeing limited image (seeingsismated to 0.6” using RTC data), AO correcteddges and
coronagraphic images. The latest ones clearly fevkav mass companion. Diffraction limit regimefidly reached in
H (40 mas) and | (23 mas) and 19 mas of FWHM heas laehieved in R (diffraction limit in R: 18 ma%his

corresponds to a world record for monolithic tetgse either on the ground or in space.

All these features put together allows providingHERE with an unprecedented flat wave-front corresiieg to Strehl
Ratio larger than 90% in H and diffraction limitedages at visible wavelength (I and R). In additiorits very high
performance, SAXO has been designed and develapée fas automatic as possible. It means that therayauto-
optimizes itself using its own internal data (withoany user intervention). In the same spirit, braliion and
verifications (quality checks) processes are cotepleautomatic. Therefore SAXO, and more gener@aHERE can be
operated by a non-specialist without compromisingerformance.

4. SOME SAXO SPECIFIC FEATURES

4.1 Ultimate performance on internal source

Let us first consider the ultimate performancehef SPHERE system itself. The source is put atnitraece focal plane:
FP1. SAXO loops are closed, Non-Common Path Abemat(NCAP) have been measured using a Phase itjvers
algorithm and pre-compensated for by modifying\teS reference slopes [8].

Considering only the correction of the WFS pathrediens (by using an internal fiber at the enteantthe WFS arms),
the SPHERE optical quality is already impressivihwai SR in H around 97.5% which corresponds tomIms of
residual aberrations (note that the overall buftyetRDIS optics between dichroic and detector8sdn rms which is
in very good agreement with our measurements). gdwsl result is due to

1. the exceptional quality of the SPHERE optics (&them have been specified and delivered with fleas a

few nm rms) with specific attention to the non-coamones.

2. the overall system alignment (and the days and svep&nt to make it both quasi perfect)
On the top of that, an optimized phase diversigoathm has been applied to measure and correcthiowery last
residual aberrations. By doing that a SR of moent@9 % , that is 25 nm rms, is measured whereafuthiterative
NCPA process of Phase Diversity measurements ferafe slope modifications converges towards lems ghfew nm



rms of residuals. The difference between the twmlers is essentially due to high spatial frequeatagrrations which
are neither sensed nor corrected by the NCPA loabsthl presents in the image itself.

Ref slope : WFS path only REFSLP + NCPA
SR@H 97.5+1% 99.0+1%
RMS 41 +10 nm 25+10 nm

Figure 4 SPHERE internal performance without and with NCR#pensation. This was obtained during AIT period
with a limited number of dead actuator (4 only).29®f SR in H (or in other words less than 25 nrs ohresidual
aberrations) has been obtained at the very end.

Nevertheless, achieving more than 99% of SR ontansinstruments with a volume of 6mx4mx2.5m ieadly quite a
performance and by far exceed the original spetifios. A detailed description of the various waeef sensor
strategies in SPHERE could be found in [4].

4.2 AO temporal behavior

Temporal aspects are critical for XAO applicationsorder to improve the overall performance (betttnospheric
correction as well as a better rejection of telpscand instrument vibrations). Nevertheless it iregusignificant effort
both in terms of hardware (we need very fast corapjrand software (we need to be able to conterhtefficiently).
In the SPHERE project, the two aspects have beesfutly considered and several innovative solutitiase been
proposed. A detailed description of the SPHERE taalpbehavior could be found in [15]. In a nutshiéie AO system
has its expected temporal bandwidth of 70 Hz will2@0 Hz frame rate and an 81 ps pure RTC latency.

The DM is controlled using a classical control laased on an optimal modal gain integrator (OMGHhesge. The two
specific Tip Tilt modes are treated separately. $tieng requirements in terms of residual jittet les to consider a
more complex thus more efficient control law foesk particular modes. A Linear Quadratic Gaussporcach has
been considered. This predictive scheme allowsptomally dealing with the temporal evolution of thebulent phase
as well as with the unexpected vibrations produeittter by the telescope or the instrument itsealictSdefects have
been clearly identified in many AO systems as dnda® most critical aspect for achieving ultimatrformance. In the
SPHERE case, this point is even more essentia¢ she residual jitter requirement at the coronag@mask level is
extremely challenging (less than 3 mas rms). Tleee& specific on-line identification of vibratigreaks has been
developed and coupled with a LQG control law whiahli filter them out of the AO loop system even tigh their
temporal frequency is above the AO system bandwig#if. It is demonstrated on sky that only the u$ an LQG
aooroach allows reaching the residual jitter speation. It allows reducing the jitter rms by aast a factor 3 to 4, going
from typically 10 to 12 down to less than 3 mas (see Figure 5)!
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Figure 5[Left] PSD and Cumulative PSD of both Tip and Filbdes with [red] and without [black] LQG. The vilicm
filtering is clearly visible around 43 and 85 HEhe final residual jitter goes from 2.5/ 3 mas @es (in the classical
integrator case) down to les than 2 mas per axiseiKalman case. The corresponding gain in terimafje quality
[right] is shown on DTTS images (a SR gain of rdydl0% has been measured between classical and dafs3.

4.3 Spatially filtered SH

The goal of the spatially filtered SH is to remdhkie aliasing effects in the WFS measurements [2]L,Figure 6 shows
the very nice behavior of coronagraphic images (he increase of AO correction and ultimate penfance) as a
function of the spatial filter size. The gain brbudy the spatially filtered SH is up to a factoM@e have managed to go
down to 1.10/d (d being the sub-aperture size) which is clostle theoretical limit and which allows us to bavreal
aliasing free WFS. A detailed analysis and comparisith simulation results can be found in [13]€Tkey point being
that on-sky results are fully compatible with siatidn ones and that the gain in terms of raw cshtdue to the
Filtering device is up to 3 (see Figure 6 and He Toncept is now fully operational on SPHERE;dize of the spatial
filter is automatically adjusted before each obagon depending on seeing conditions.
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Figure 6 Evolution of the coronagraphic images as a fumctibthe spatial filter size. Up: coronagraphic ges,
Down: circular profiles, normalized to peak

Figure 7 Coronagraphic images obtained on IRDIS in H, J¥afind (from left to right). Spatial filter size wd.2)\/d.
The “round” shape of the corrected area comes ftmmmodal optimization of the AO loop. The last 300des
(over 1377) are not controlled for stability reason
4.4 VIS performance

A unique feature of SPHERE is its visible imagingotonagraphy / dual polarimetry capabilities. Thsato the
ZIMPOL instrument, we can have access to photomendo the blue light (V band). The combination bé&tSAXO
exceptional performance and an extremely good #adulescamera allows us to obtain unprecedented émag very
short wavelength on a 8-m class telescope. Statiol of a few tens of percent is obtained with Heaited diffraction
images in R band (between 17 and 20 mas dependirtbeoaxis), the main limitation in that case betihg residual
jitter. This is, up to now, a world record for a madithic telescope (both space- or ground-based)
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Figure 9 Some nice example of VIS imaging with SPHERE inesavbands.
4.5 Low flux behavior

Even though SPHERE has been primarily designedifgit contrast on bright targets (nominal perfornganuust be
obtained up to V-mag = 9), a very nice featurehefinstrument is its capability to close the loop abtain significant
correction in H band even for relatively faint gaidtar. This has been made possible thanks a un@ubination of
features: a photon noise limited EMCCD (RON < 0-2per pixel and per frame), an efficient weightezhtroiding



algorithm [14], an optimal modal gain integratontol law and an optimized optical train in ternf¢ransmission and
emissivity. Hence the limit magnitude of SPHERE histter than the initial specification. Indeed, theminal

performance is obtained above magnitude 9 and weobaerve a very gentle decrease of the SR asctidarof the

magnitude up to almost mag 16 (see Figure 10). Bvemgh SPHERE has 8 times more sub-aperturesNA&O (i.e.

8 times less photon per sub-aperture for the saagnitude), its performance outperforms NACO (inniggural visible
guide star mode) ones on its whole magnitude range.

SR vs mag
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Figure 10 [Up] SR (H band) vs R-mag for various observations akthduring commissioning runs 2, 3 and 4. The
error bar is estimated as a function of the ungdites on the system parameters (over samplingtteteansfer
function ...) and the quality of image reduction (kground subtraction, bad pixel removal etc..). [DdWighlight on 3
images: high flux, medium flux and low flux regimes



5. CURRENT LIMITATIONS AND FUTURE IMPROVEMENT
5.1 The main SPHERE limitation: The “Low wind effect”

The so-called low wind effect [LWE] (Mickey Eardifacts) has a significant impact on the SPHERE@mance. At
a level of about 20% of the time (when the winésgth in the telescope is below 1 m/s) some spsidotifacts
appears on the PSF (located on the first airy riafer extensive analysis, these so-called Mickays artifacts, seems
due to heat exchanges between ambient air andeplespiders, thus creating optical path differsrmtween the two
sides of the spiders. Note that the SPHERE expezibas allowed demonstrating that this effectde aresent on other
telescopes (Gemini, Subaru, Keck ...).

No LWE LWE (medium effect) LWE (strong effect)
Wind > 1 m/s Wind ~1m/s Wind << 1 m/s
~ 80 % of observing time ~ 20 % of the observing time
Figure 11

A mitigation plan is being set up in collaboratiogiween ESO and the consortium to solve the probking DTTS
signal itself, technical tests will be conductedktia first quarter of 2016.
More details on that particular effect could berfdun [17].

5.2 Dark hole with SPHERE

The SPHERE instrument has been used as an expéairtest bench to perform some validation of teghes
dedicated to very high contrast. Among these teples, the Electric Field Conjugation [EFC] [18] bhe tested both
on internal source and on-sky.

The EFC technique is a speckle nulling techniqu@raj at suppressing the light residuals coming fpdrase and
amplitude aberrations in the optical system. Téihhique uses the focal plane information to re¢ribe voltage

modifications to be applied on the deformable nmiekbowing such a nulling. For better performanker{ce larger
contrast values), the effect of the technic cargeiced to a given area in the focal plane.

This technique requires the calibration of thermtéion matrix between the influence functionstef teformable mirror
and the focal plane information. This matrix isilwadted in Fourier space, by applying to the HODN spatial
frequency able to generate a modification in tleaanf the Dark Hole. This application is made viaaification of the
reference slopes in closed loop, so to ensurdhbatorrection is compatible with an on-sky perfance. Even if the
calibration of this matrix is time-consuming, thedibrated matrix seems to be stable to be re-uged anonth after the
calibration.

The Figure 12 left shows an impressive gain ofcéofal6 on the raw contrast obtained on internate® The dark hole
area is visible on the top of the AO corrected aasaa rectangular shape.

The Figure 12 right shows the on-sky performande feference slopes obtained at the end of theigE@hal source
calibration are used to obtain this image. The gatontrast, even if reduced by the atmospheA€xicorrected
residuals, is still at a factor of 8.
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Figure 12: result of EFC application on SPHERE instument. Internal performance [left] shows a gain asvell as
on-sky performance [right] are shown.

6. CONCLUSION

SPHERE-SAXO is 12 years of project involving 12titges in Europe and more than 250 Full Time Egldnts. The
system design has barely evolved from the earlichks (in 2002) to the final telescope implemeata{RP013-14). At
the end, the AO system gathers state of the arpoasnts (detectors, deformable mirror and real tormaputer) and
some of its innovative features allow having perfance which has exceeded the original specificatiBmen though
we have experimented some problems with our higkrodeformable mirror, solutions have been propaseithe
consortium to mitigate these effects and to be tbleork with the current device. Nevertheless, Bivhains, for the
moment, the main risk of failure for the whole gyst Back-up, long-term, solutions are now undeesgtigation
between ESO, CILAS and the SPHERE consortium tbwiigla this particular point.

Extensive laboratory tests have fully demonstrétedoerformance, the reliability and the stabitifthe AO loops (and
of SAXO and SPHERE as a whole).The first on-sky gissioning has confirmed laboratory tests by primgd
unprecedented images and coronagraphic data afi_fheThe system stability has been re-demonstratedky and the
first performance assessment, even though Stratlissslightly smaller than expected due to baativer conditions
and residual high frequencies on the telescopea#2more than encouraging. The principal featur@/fO have
already been successfully tested from a functipoait of view and fine tuning of the AO system adllvas of the
telescope control should allow to reach, in the iognmonths, the full system performance.
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