Status and new operation modes of the versatile VLT /NACo
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ABSTRACT

This paper aims at giving an update on the mog versatile adaptive optics fed instrument to date, the well
known and sucessul NaCo'. Althou gh NaCo is only scheduled for about two more years at the Very Large
Telesope (VLT), it kegps on ewlving with additional operation modes bringing original astronomical results.
The high cortrast imaging community usesit creatively asa test-bend for SPHERE® and other second generation
planet imagers. A new visible wavefront sensor (WFS) optimized for Lase Guide Star (LG S) operations has
been installed and tested, the cube mode is more and more requeded for frame seledion on bright sources, a
seeing enhancer mode (no tip/ti It corredion) is now olered to provide full sky coverage and welcome all kind
of extragalacti c applications, etc. The Instrument Operations Team (IOT) and Paranal engineas are currently
working hard at maintaining the instrument overall performances but also at improving them and olering new
capalhiliti es, providing the community with a well tuned and original instrument for the remaining time it is
being used. The present cortri bution deliversa non-exhaustive overview of the new modes and experiments that
have been carried out in the pag months.
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1. NaCo: PARTICULARITIES, SCIENCE RETURN, CONTEXT AND LIFETIME

NaCo is an adaptive optics (AO) fed near infrared (NIR) imager and spectrometer at the 8-meter Very Large
Telesope (VLT) ran by the European Southern Obsevatory (ESO). It wascommissonedin 2001 and olered to
the community in october 2002 (periode 70). For a detailed description of NACo see Lenzen et al.? and Roussé
et al.?> The prst referencedescribesthe sdenti bcinstrument CONICA and its many operating modes and the
second one gives an overview of the NAOS AO sysem. NAOSCoriginality comesfrom the fact it has several
Shadk-Hartmann type wavefront sensors (WF S) allowing classcal visible light sensing, LGS sensing at 589 nm,
and last but not least an nearinfrared (NIR) WFS allowing to usevery red object as natural guide stars (NG S).
This latter feature has beena tr emendous advantage for the long-term study of the galadic cernter* S aswell as
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to probe dust embedded young stellar objects,” IR-bright active galadic nuclei, characterize aseroids and other
solar system bodies? directly imagelow-mass stellar companions,” 19 etc.

Being an almost 10-year old AO system sensing the turbulent wavefront over the 8-meter VLT primary mirror
with up to 185 sub-pupils, NAOS performancesin terms of Strehl rati os are modestin todayOsontext. However,
the number and combinations of operation modes olered by CONICA and its six di! erert cameaas makesthe
NaCo instrument still very attractive. The addition of new modesover the pas few years'! have made NaCo an
even more versatile instrument o'ering a four-quadrant phasemask (4QPM), 12 simultan eous dilerential imaging
(SDI) and polarimetric capabiliti es.! In the high contrast imaging world, NaCo is one of the few AO systems
that runs an Aladdin-3 detector (upgraded in 2005 allowing to operate between 1 and 5 pm. Lately, it has
been shown that if shorter wavelengths provide in generalbett er spatial resolution, the 4 um region (L-band) is
particular ly suited for exoplanet search and characterization.'* In 2009,the spedr um of the exoplanet HR 8799
¢ was obtained thanksto NaCo grism spectroscopy in the L-band.'®

2. HEALTH, OPERATIONS & PERFORMANCES

NaCo is maintained and operated by ESO sta! at the Paranal Obsevatory in northern Chile. The mos common
seups are supported in Service Mode (SM) operations so that users do not have to travel to the obsenatory
and they do get the atmospheric constraints they requestal as well as quality cortrolled data products.'® This
section focusesonto two modesof operations which can be coupled with many other modes LGS and cube mode
(detector readou mode). They allow di'e rent obseving strategiesand now inBuencethe reaults, the €'c iency
and thereforethe capahiliti es of NaCo. To illustr ate one powerful technique assciated to the operations with
LGS. The well known galactic center group lead by R. Genzel has been recently awarded time on NaCo to
use prism spedroscopy (not currently olered) assaiated with LGS AO correction. The great potential of this
asciation of modesiis illustrated in Figure 1. Alth ough the weather prevented the team from getting any
sdenti bcally uséul data, imagesin Lp and Ks bands were acquired and matched spatially to a spectrum acquire
with the prism at very low spedr al resolution. The ideais to carry out photometry from 1to 4 um simultaneously,
sending all the IR light to CONICA provided NAOS is correcting the wavefront via the LGS. A rough but
su”c ient spectral calibration was made possble thanks to imaging the slit through every possible narrow and
intermediate-band blters inside CONICA and extrapolating the dispersion solution across the detector array.
Though spedral lines are not properly resolved, one can asscociate one pixel coordinatesto one wavelength. No
Bare occurred during this preliminary run.

LGS + Prism Spectroscopy
on the Galactic Center
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Figure 1. lllustration of the potential of the prism spectroscopy as simultaneousphotometry from J to M bands. Thanks
to the use of the LG S the whole NIR spectrum from 1 to over 4 um can be used for the scienti bc detector.



2.1 LGS: improved performances

Sincethe PARSEC!7 lase guide star fadlity'®!? (LGSF) wasintr oducedat the VLT in Nov 2007,it hasgradually
improved to lately becomea robust and reliable system, scheduled approximately 8 to 10 nights per month with
NaCo or SINFONI. However, when feeding NACO, only the 7x7 lensdet array could be used under median
atmospheric conditions dueto the LGS spot sizeand brightnesswith respect to the beld of view and speed of the
WEFS. Therefore, the performanceswith LGS were signibcartly lower than with a natural guide star (NGS) even
using the object astip/til t (TT) star. The expected 20% Ks-band strehl ratio (SR) lossdue to the coneelect
(LGS at bnite distance) was never reached. Considering a decent Ks-band SR of 50% achievable with NGS, one
could expect to get around 35 to 40% using the LGS, which correpondsto a V~12 at nhominal lase power. In
February 2010,a new WFS array with 14x14 lensletswas installed by a team composed by the original NAOS
engineers of LAOG and ESO stal. Each of the sub-pupils now sees a beld of view twice as large asthe NGS
14x 14 array (4.6 instead of 2.3") hence the LGS spot centroids (local wavefront slopes) are well calculated and
the performances are improved at constant laser power and atmospheric conditions. The Figure 2 shows an
image of the new array, a K-band imagefeaturing a 35% strehl ratio obtained with a good but not exceptional
seeing, and a 1'x1'correded beld certered on the star cluster OmegaCentauri.?’ The gain in sensitivity beween
open-loop to closed-loop is tremendous (at least 3 magnitu deg. On this image, anisoplanestism errors are seen
on the edgesof the beld. However, they are small becausethe sesing, coherence time and isoplaneti ¢ patch were
good, better than averageon Paranal. Another reasonto the somewhat wide beld AO corredion obtained here
is the fact that LGS and TT star arenOtperfedly superimposal. The TT star is the brightest star close to the
center of the beld. If the LGS is slightly o!- axis, not a single star will benebt from the optimal high order AO
corredion and TT correction however, a larger areawill benebtfrom both.

Improved LGS performances and operations
new |4x14 SH array
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AO gain: ~3 mag

35% K-band Strehl ratio
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Figure 2. Improved performancesof the LGS with NACO due to the new 14x 14 lendet array visible on the top left of the
Figure (four actuators are poked for alignment purposes). The image at the bottom left corner shows a promising 35%
K-band strehl ratio (di! raction limited core) obtained with the LGS. The center and right images illustrate the potential
of wide Peld correction with a 1'x1'Peld cerntered on the star cluster Omega Centauri .

The new lensldé array is now olered transparerily to the user, when the atmospheric conditi ons and laser
power allow its use Typically one needsa coherence time above 2.5 ms and a continuous laser power (0! to the
sky) of over 4W. Since April 2010, the SeeingEnhance (SE) mode was introduced to the community, allowing
operations without TT correction and therefore full sky coverage SE mode brings NaCo to the extragalactic



community. Even if the sesing is only improved by a factor two along the line of sight, the sensitivity is multip lied
by a factor four and hence high-redshift galaxies can be imagedin the NIR.

2.2 Cube mode: powerful and popular

Cube mode (sometimes called Obust modeO)hasbeenimplemented in 2008. It is now widely used becauseof the
reasonsexposel in Figure 3 and not only on bright sources becauseit is proven to be more e"c ient in time than
the classical readout modes. Indeed, when cube mode is enabled, eac frame (DIT " ) is transferedto a bu! er
which isread only at the very end of the sequence of DIT (NDIT). It ismoree" ciernt in terms of overheads (less
down time at the VLT) and allows to have more control on the imagesvia postprocessing. Since the best frames
can be seleded (the least ale cted by the atmospheric turb ulence or the best AO corrected ones), centered one
by one at sub-pixel acauracy, one can get enhanced bnal image quality, improved detection limits, etc.

| Application of the cube mode: frame selection or “lucky imaging” approach on bright sources |

I. more efficient, only one buffer readout (smaller overheads, larger “on-source time”) N
2. hardware windowing

+ efficient

+ enhanced EC/Strehl ratio
» shorter exposure time (along with narrow spectral bandwidth) b better angular resclution
>- + reduced halo contribution

» improved detectability

» temporal coherence (contrasted atmospheric “speckles”)

» eventually no need for dithering (telescope offset time saved)
3. improved centering (“shift and add” on each individual resampled frame)
4. frame selection (“lucky imaging”)

} homogeneous and high quality data cubes - limited to bright sources only

7

Enveloppe detection of RS Pup, Gallenne et al. 2010 (in Prep)

Case study on HD74417, PSF calibrator for the cepheid star RS Puppis:

» Intermediate K-band filter centered at 2.18 pm

b 39 ms exposure time, 256x256 pixel frames (no frame loss)
» no dithering (negligible thermal background)

b selection 10% best frames out of 2000

™= alone gives an absolute gain of ~9% in strehl ratio.

SR(2.18um) ~ 55%, EC (0.1") ~60% Method pushed to limits for Betelgeous in Kervella et al. 2009 with 7.2 ms exposure time

Figure 3. Cube mode applied to AO correction enhancerrent on bright sources?*

Today, the cube mode is not fully supported by the NaCo pipeline which usesthe mean of all images(just
asif no cube mode was used) to produced the bnal stacked image. When this is still very useul for a quick look
on the data quality, the expert use is encouraged to develop his/her own routines to fully exploit the potential
of the mode. In the caseof pupil tracking mode applied for angular dile rential imaging (ADI), a large image
smearing is obsaved closeto zenith due to the fag rotation of the beld The cube mode is then essenial to
recenter and derotate each frame, presaving the contrast, hencethe angular resolution.

3. NEW OPERATION MODES

In this section, new operation modes are desaibed brieRy with their performances and parameter spaces The
Prst one is about coronagraphy and direct imaging of extrasolar planets. The second one brings badk older high
angular resolution techniques that were used when simple AO was still a technological challenge. These new
modesare desgned for Oriche sdenceOas they are only useful under certain assimptions and/or condition s.

**DIT: Discrete Integration Time



3.1 APP: Apodizing Phase Plate coronagraph

The Apodizing PhasePlate (APP) coronagraph??-2*was installed inside CONICA in November 2009 and suc-
cessully commissioned?® 26 in April 2010. It iso! eredfor the P86 period starting in October this year. It consist
of a plate in the pupil plane which generatescertain optical path dile rencescausing the PSF in the focal plane
to be half-obsared as shavn on Figure 4.
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Figure 4. APP concept, realization and expected gain. A comparison of the theoretical PSF with respect to the real PSF
obtained with NACO is also shown on the left.

Dedgnedfor the L-band , it providesan improved detection limit from 1.8to 7 \/D at 4.08 u m (Figure 5,
an optimal wavelength for direct imaging of cool extrasolar planets. The contrast curve at the right of Figure 4
is Rat on the obscured side asdi'raction ringsare suppressal. This translatesto nearly a 8 magnitude di! erence
detedi on capability from 0.2to 0.7Garcsecond distance from the parert star (# mag of 10is achieved in LO-bad).

| APP coronagraph: successful commissioning (April 2010) |
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Figure 5. Main results of the NACO APP commissoning. The plot shown on the left isthe contrast curve measuredon the
clean part of the PSF on an unresolved star under good but not exceptional atmospheric conditions (seeing around 0.70.
In the center is shown the reduced Beta Pictoris image obtained after PSF subtraction, recertering and derotation. The
exoplanet Beta Pictoris b is clearly enhancedby the APP and all parameters (brightnessratio, position angle, separation)
are in total agreement with the recent Science paper by Lagrange et al.?”



The APP alects any point of the beld and therefore doesnot require any spedal alignemert like the classcal
focal plane masks. APP data is thus procesed exactly the sameway as classcal imaging data. The APP
performances are enhanced when combined to cube mode and pupil trading.

3.2 noAO: open-loop ”speckle” mode

Tednical time was spert in january 2010to invedigate the performances of open-loop imaging with NaCo.
One could think spedle imaging techniques are outdated, egecially with an AO equipped 8-meter telescope.
However We have reasonsto believe that for certain applications and under mediocre atmospheric condition s,
the noAO mode could be usefu, particularly for astrometric purposes

Two dile rent approaches were then applied for the data analysis. The Pbrst one (Figure 6) makes use of
Weigelt® bispectrum method (here after called spedie masking). This project led by Sridharan Rengasvamy?8
givespromising results for small belds of view, strehl ratios of the order of 60-90%(J to K bands), and the abilit y
to separatevery close companions. On rather bright objects the reconstructed intensity maps surpass the AO
correded images - taken the same night- though the absolute photometric calibration is lesspredse (of the order
of 10%). It should also be applicable to extended objects and represents a good alternative to AO for the 1-1.2
pm wavelength range or for any wavelength when the sesing condition s are too bad for AO.

noAO mode:speckle masking technique J
Weigelt©Bispectrum method agéed by S.Rengasany

‘ open-loop + speckle maskingaonstruction

bad image best image VLT/NaCo
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Figure 6. Some results of the speckle masking experiment® applied on a 0.16"separati on binary star. Comparison between
the reconstructed intensity map (bottom left) and the closed-loop AO image (bottom right) is given. Seeng conditi ons
were excelent for this test.

For the second approad(Figure 7), Rainer Schedel is revisiting the spedle holography technique. The
referencestar for image reconstructi on can be chosen a posteriori and it is possible to use several reference stars
simultaneously. This opensthe possbility to deal with ele cts of anisoplaneticity. The dilraction limit is reached
over a larger beld and hence this method is parti cularly suited for precise astrometry.

Just as cube mode, the noAO mode is an Oexert modeOand no pipeline support will be provided. A quick
look at the lagt image of each cube, seeing limited, ensues of the presenceof the object onto the CONICA
subkeld.

3.3 Sparse Aperture Masking (SAM) interferometry and pupil tracking

A paper by Tuthill et al. was presented at this conference?® about the SAM technique. Several apertur e masks
can be placedin a pupil planeinside CONICA and the mode is getting close to its maturity.



noAO mode: speckle holography technique J

Work in progress on crowded fields by R. Schodel
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Figure 7. Spedkle holography technique applied to the NGC3603 cluster. The holography image on the right is nearly as
deepasthe AO-corrected one on the left (the 3-c detection limit is~K, = 18in both case3. However it is advantageously
more suitable for astrometry as every single star of the beld appears in its true position, unalected by AO-induced
distorsion elects. The holography PSF itself is very clean, dilrac tion limited with a K-band strehl reaching 65%, about
2.5 timessuperior to the closed-loop PSF which su! ers an obvious wa" e-mode patt ern.

As a by product of the SAM mode implementation, NaCo can now also be operated in pupil tracking (PT)
in classical imaging modes or coronagraphy, providing a someavhat stabilized PSF and a rotati ng beld of view
allowing angular di! erertial imaging (ADI). 3° ADI is not olered asa mode per se but it hasbecomerecurrently
requested becauseit allows a clean PSF subtr acti on with out the need of obseaving a referencestar at the same
paralactic angle. Of course, PT at a nagnyth focus can produce undesirable e! ects such as image drifts when
the object passes closeto zenith and the beld rotation is fast.

4. IDEAS

There are a number of ideasto keep upgrading NaCo. They arise from various teams, consortia and sometimes
are just obvious or natural becausesome new concepts needan 8-meter classtelescopeto betested and to provide
their best. Of course, none of these are o0"c ially planned at the moment and they could only be programed if
NaCo were to stay longer at the VLT nasmyth focus. In this paper, we are only mertioning a few ideas,
independently from any o"cial or strategical standpoints. Here is a non-exhaustive list of ideas

e New SAM masks(e.g., an non-redundant anular mask).

e A Vector Vortex Coronagraph!'(VV C): perhaps the mog pertinent and feasble idea in the context of L-
band imaging of extrasolar planets given the exciti ng results obtained at Mount Palomar3? on the trip ple
sygem HR8799. A VV C working above 3 um would haveto be manufactured and inseted inside CONICA.

e Fag CCD cameraat visitor focusor in place of CONICA: spedle interferomery and lucky imaging in the
visible.



e SAM with pupil densikation:?? the concept of hypertelescope could be tested on sky with a few tens
of sub-pupils.?* Quite di"c ult to implement astwo sds of microlenses would have to be aligned inside
CONICA at low temperatures.

e efc.

5. CONCLUSION

NaCo is one of the mog requeded ground-baseal instrument at the VLT and therefore in the world. It has
generated original and well cited publications, some of which corresponding to ESOOsornerstone results. At
nearly 10 years of extensive use the quedion of maintaining NaCo or repladng it arises while several second-
generation VLT instruments are being manufactured. NaCo not only serwes as test bench and survey tool
for SPHERE but also allows to carry on programsin a di! erert parameter space notably thanks to L-band
imaging/spedrocopy, IR wavefront sensing and LGS aided observations. Lately, the need for a new 1-5 ym
di! raction-limit imager for the VLT has been addreseed®® to bll the gap left by NaCo once decommissioned.
Neverthelessthe NaACo community is pushing hard to keep it on-ky another few periods.
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