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We are currently working on four projects employing Multi Conjugate Adaptive Optics in a Layer-Oriented fashion. 
These ranges from experimental validations, to demonstration facility or full instrument to be offered to an astronomical 
community and involves telescopes in the range of 4m to 24m equivalent telescope aperture. The current status of these 
projects along with their brief description is here given. 
 
��������: Multi-Conjugate Adaptive Optics systems, Layer oriented MCAO, Wavefront Sensors. 
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After we introduced the concept of Layer-Oriented MCAO1,2 a sort of three dimensional optical reconstructor able to 
directly drive one DM for each detector, we initiated a number of projects to investigate such an approach, to validate it 
in the laboratory and on the sky, and to implement it into a self-contained instrument. These activities aim to enlarge the 
Field of View (FoV) covered by Adaptive Optics (AO) by driving more than one DM conjugated to different altitude 
ranges3,4,5. Such a widening of the FoV can also lead to extension in sky coverage with the usage of solely Natural 
Guide Stars (NGS) 6, a subject however not treated here. The projects we are going to describe here belong to the realm 
of pure experiments, demonstrators and real instruments. For the first case, actually, we do not report lengthy here as 
this project is in progress in these days. We just mention that we have tested the Layer-Oriented concept in the lab by 
using a prototype7 and that we are willing to prove on a 4m-class telescope, that such a device is able to achieve ground 
layer correction and to achieve a larger FoV correction, although with a limited compensation, somehow referred to as 
seeing reduction. 
The other projects consists essentially in the Layer-Oriented WFS for MAD8, a demonstrator for VLT lead by ESO, the 
LINC/NIRVANA9 interferometer (a full equipped instrument to be mounted on the LBT) and to our current efforts to 
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setup a single arm experiment in laboratory (still in the framework of the NIRVANA project) that could be carried to an 
8m class telescope for improving the learning curve on these kind of devices. 
Although they are not discussed here, we emphasize that the natural evolution of this research is to provide new concept 
and insights for MCAO on ELTs. 
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MAD stands for Multiconjugate Adaptive optics Demonstrator and it is described elsewhere8. It will feed the starlight 
for wavefront sensing to two different sensors, with the possibility to easily switch from one to the other: a star-oriented 
WFS consisting essentially of three Shack-Hartmann sensor, and a prototype of a Layer-Oriented sensor Pyramid 
based10, able to sense up to 8 stars into a circular FoV of 2 arcmin of diameter. It will be placed at the visitor focus of 
one VLT, and it will use 2 DMs for the correction and optical derotation. Gravity flexure is not, hence, a significant 
problem and we took full advantage of this feature. In fact we used for the LO WFS the so-called star enlargers 
approach11 to feed with the light two detectors conjugated at the same altitudes where the DMs are located. The LO 
WFS successfully passed the Final Design Review and almost all of its components has been manufactured and the 
assembly already started in the Arcetri laboratory. This included a huge effort for accepting a number of components. 
Among them, we just mention here the extensive tests made on the 16 linear stages that will be used to position the star 
enlargers in the field and the characterization of all the optical components that will be used both for the star enlargers 
(where the magnification factor is very critical to have a good superimposition of the pupils) and for the two re-imaging 
objectives. A key feature of the Layer-Oriented WFS is to optically co-add the light coming from a maximum of 8 
different references; it is thus crucial that each of these 8 channels remain, within certain specification, aligned and with 
performances (for instance the pupil magnification, as already mentioned) that differs one to the others by less than a 
given budget. As we have chosen to have the star enlargers (and by consequences the reference stars) grouped in four 
pairs, each embracing a quadrant of the FoV with a small overlap, the travel range of the linear stages are just slightly 
more than half of the physical size of the FoV, that turned out to be of the order of 50mm. 
This translates into performances for the components that are, in principle, achievable by off-the-shelf components. 
Nevertheless we settled up a severe acceptance test procedure and we had to reiterate even more than twice for some 
stages with the providing company. The final results are, however, excellent and within our specifications. 
Optics are currently still under test and in particular we are checking for their optical quality with an interferometer in 
addition to the measurements of the first-order nominal characteristics (e.g. the focal length and overall transmittance). 
As such a work is in progress in these days we cannot outline a final statement on this side. The only component which 
is not delivered yet are the pyramids. We have placed 2 orders to different companies in order to receive 2 complete sets 
of pyramids to maximize the probability the get them within the relatively tight tolerances required by this project. 
Software to drive the whole MAD and in particular the LO-WFS is being developed in house too. 
We just remind here that the spirit behind the optical co-addition approach is to spend more effort and care on the opto-
mechanics, assuming that this will be widely paid back in the calibration and tuning phase that, in fact, is expected to 
have much less degree of freedom than in the star-oriented approach. Again, experience will allow us to have a firm 
answer to this and other issues. 
Although a real conclusion is of course premature (we expect to have the first open-loop measurements by beginning of 
October 2003 and to release the sensor to ESO-Garching as scheduled in the first months of the next year) we believe 
the efforts spent to design, realize and assemble the LO-WFS for MAD should ensure that its performance will be 
extremely close to the theoretical achievable one, making this project a nice benchmark to trace out conclusions on the 
future directions to take for MCAO, at least in the NGS case. 
As this is an issue occasionally popped up, we think it is important to point out that, although this WFS is able to deal 
with up to 8 reference stars, it would be unfair to make a comparison with the star-oriented one by using the same 
number of references of the latter (3 in this case). It would be equally unfair, oppositely, to compare the LO system for 
MAD with a star-oriented using two reference stars only (an option clearly not doable as in this case one will 
experience severe aliasing) being from the hardware point of view the LO-WFS equipped with just two CCDs instead 
of the three used in the star-oriented one. It is, instead, our opinion that the two wavefront sensors use different 
philosophy and, in the spirit and framework of the LO-WFS, the usage of a significant number of reference stars is 
intrinsic. This is mostly due to the fact that in a LO system the complexity of the system is increasing with the number 
of DMs (or even less in case of particular tricks12) rather than with the number of references (at least in term of 
computing power and number of detectors) and therefore we think the comparison is fair as it is intended now in MAD. 
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NIRVANA stands for Near InfraRed and Visible Adaptive iNterferometry for Astronomy and it is intended as a facility 
to be mounted on the LBT telescope in one of the two combined foci. Gathering the light from two 8.4m telescopes 
located at a distance such that the longest interferometric baseline is of the order of 24m, the aim of this instrument is to 
achieve a Fizeau interferometry imaging essentially on the near Infrared. In order to accomplish such a goal with a 
decent sky coverage, especially for the extragalactic targets, we decided to implement in this instrument two MCAO 
instruments based on an extension of the LO approach, the so called Multiple FoV.  
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In practice the idea behind this is to use an annular FoV of the order of 6 arcmin in order to convey starlight from 
several reference stars to accomplish the ground layer correction. Thank to the unique layout of LBT this can be done 
directly inside the telescope, being the secondary mirror a deformable one. In fact we studied two different approaches 
to perform the estimation of the contribution to the wavefront deformation from the ground layers. In the first approach 
a number of independent wavefront sensors are looking each into a small FoV where a single reference is sensed. The 
co-addition of the wavefront sensing data is made by simple averaging in a numerical way. As the pupil rotation is not a 
big issue (this can be counteracted by software pupil derotation), the way these sensors are positioned in the field is 
made through a couple of linear and rotational stages, making the overall opto-mechanical solution very compact. As 
the FoV of each single sensor is extremely small (typically a few arcsec) such an approach is not demanding at all in 
terms of optical design, assembly and aligning. On the other hand it can be successful only when using very low readout 
noise detectors such the quite new L3CCD. The latter, although not yet available commercially as a scientific grade 
camera, has a projected cost similar to the low noise CCDs already available on the market. Based on this cost 
estimation we designed also a version of the ground layer wavefront sensor using optical co-addition. Opto-mechanics 
and tolerances are much more demanding, although still doable with off-the-shelf components and a cost estimate has 
been worked out. Based upon this detailed study we finally chosen the solution based on the optical co-addition. The 
correction of the higher layers is then performed using two commercial piezo-stack DMs each having 349 actuators.  
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This is accomplished through quasi-collimator that actually deliver a slightly diverging beam such that the metapupil 
has an almost constant diameter for a chosen FoV of 2 arcmin. After beam recombination (this requires the diverging 
beam are made parallel by another doublet) part of the beam is picked up and sent, through a couple of F/20 visible 
cameras to two LO-WFS based on a design wery similar to the one adopted for MAD. The main differences are in their 
size, the format of the detector (as the number of actuators over one metapupil diameter is here much larger) and the 
requirement to maintain the tight opto-mechanical specification for a certain range of gravity directions as NIRVANA 
is moving together with the telescope elevation platform. While the latter requirement imposed us to make the structure 
significantly more robust, the two other options also required a careful design and balance of the choices for the stars 
enlarger. Moderate pupil magnifications, in fact, allow for milder opto-mechanical tolerances but requires extremely 
fast optics (which might be achievable also with fiber tapers, at the expense of a severely diminished optical efficiency); 
on the other hand a high pupil magnification allow for relatively simpler optics but translates into travel stages accuracy 
that, although doable with specific custom-made designs, makes the star enlargers positioning area more complicated 
and expensive. We chosen a tradeoff with a magnification of the order of k=15.�
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Actually MCAO is one of the (key) component of NIRVANA and, in fact, the main aim of such an instrument is to 
provide interferometric images of a patch of the sky whose size is huge with respect to the typical FoV of current 
interferometer (something that is paid by an increase in resolution that is of the order of three, compared to often orders 
of magnitude in other more sparse apertures) but is small in an AO sense. The covered FoV is, in fact, of the same order 
of magnitude of the isoplanatic patch one can expect in the wavelength range of interest. Although there are options to 
enlarge such a FoV to cover the whole 2arcmin in diameter, and to extend the imaging and spectroscopic modes also to 
shorter wavelength, it is clear that the choice for MCAO has been mostly driven by a larger sky-coverage rather than to 
the uniform correction of a wider FoV. In fact it is not necessary to have a single bright star in the small 10arcsec patch 
where imaging is going to be performed in an interferometrical, Fizeau-like, manner, but just several much faintest stars 
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are to be used in the whole 2 and 6 arcmin FoVs. As such an MCAO option is potentially a single point failure of the 
instrument it has been taken the decision to perform with the final components will be used for NIRVANA a laboratory 
test to simulate the whole 2DMs, central 2arcmin, LO-WFS loop with the two piezostack DMs. These are going to be 
arranged in a slightly different mode with respect to the final case. For instance the exit pupil of the system is 
unaccesible in NIRVANA as this is used as cold stop by the cryogenic camera, as the ground correction is performed by 
the secondary adaptive mirror inside the telescope. A couple of off-axis parabola will be able to test a variety of 
starfields and to introduce deliberately static or moving turbulence in the area optically conjugated to where DMs and 
detector will be focused onto. We are currently working to establish such test by the second half of the coming year. We 
are also discussing if it would be suitable to have such an experiment to be also carried out at an existing 8m class 
telescope for a period of time of the order of one month. 
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magnitude ranges and the maximum number of NGS used to achieve the integrated magnitude required. 
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After the first prototype of an MCAO wavefront sensor has been successfully tested in open loop in laboratory7 and the 
first on sky demonstration13, a number of projects are going to exploit soon in the sky the LO technique and its even 
more attractive extension called the Multiple FoV. In the framework of the future giant telescopes14,15, these instruments 
will give useful indications concerning the design of the MCAO systems which are considered right now a possible 
show stopper. The very interesting feature of the LO and even more of the MFoV technique are the good sky coverages6 
that shall be obtained in the near infrared when using only NGS as references for the wavefront sensors but also the 
possibility of using artificial beacons when commercially available and reliable. This is a clear advantage with respect 
to systems designed to work with the LGS only, which have of course a single point of possible failure. 
Furthermore, there is for sure room for improvement when taking into the proper considerations a number of parameters 
that we never tried to optimize (like the dimensions of the different FoVs in the MFoV technique, the optimal number 
of reference stars, good strategies for the references selection, the number of DMs, optimization of the DMs altitudes, 
… ), when properly taking into account the high sensitivity of the pyramid16 or by investigating new ideas like the one 
to increase the number of DMs driving them with the signal coming only from the ground wavefront sensor12. For sure 
the experience that we are going to acquire in the sky will also give us the possibility to see where are the real limits of 
these techniques and may be to have new ideas, since we strongly believe that ideas can more easily come when 
working around a piece of hardware. 
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