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ABSTRACT   

We describe the opto-mechanical implementation of a group of wavefront sensors able to drive an MCAO system in 
order to cover a Field of View of the order of 1-2 arc-minutes, but getting advantages from the starlight coming from a 
Field of View as large as 10 arc-minutes in diameter. This involves a number of arms with a miniaturized, very small 
Field of View, single reference Adaptive Optics systems. A pyramid wavefront sensor working in close loop is fed 
through a small Deformable Mirror that is continuously monitored by an extremely high dynamic range wavefront 
sensor, whose signal has similar modality than the Pyramid one, namely YAW. 

In this way, a very compact wavefront sensor with a dynamic range limited by the stroke of the Deformable Mirror is 
achieved. Such a sensor is characterized by a limiting magnitude performances typical of a closed loop coherent 
wavefront sensor. This concept, in addition with an architecture of a Wavefront Computer that allows the 
implementation of a number of virtual Deformable Mirrors, allows for the development of a NGS based concept 
described elsewhere. Emphasis is given in this talk to the practical implementation and to the opto-mechanical details, 
including an overview of the required components, especially the detectors and the deformable mirrors and we show that 
the goal is attainable with today existing components. 
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1. INTRODUCTION  
The on-going or imminent construction of Extremely Large Telescopes (ELT) (see [1], [2] and [3]) has given to the 
Adaptive Optics field a very tough responsibility: in fact, AO is definitely a show stopper for such big projects, meaning 
that the huge amount of money needed for an ELT, the incredible effort and the manpower for building it over more than 
a ten of years would be meaningless if the main advantage of such big apertures, i.e. the resolving power, cannot be 
almost fully achieved. Lasers are struggling since many years to reach decent performances and an acceptable level of 
reliability, and anyways are affected by some fundamental problems not easy to be overcome, like the un-sensitivity to 
the very low order aberrations, which obliges to use anyways Natural Guide Stars (NGS), or the cone effect, which 
makes necessary to use much more references to cover the same Field of View (FoV). Recent publications concerning 
the sky coverage achievable with laser assisted MCAO system are reducing (both in term of sky coverage [4] and in term 
of system performance [5]) the numbers which were circulating a few years ago ([6]), thus making more appealing the 
numbers concerning the sky coverage achievable with systems using solely NGS ([7]). Indeed, in the last case, new ideas 
going in the direction of using in a more efficient way the natural light coming from the stars could make the difference 
even smaller, and this is the case of the Very Linear ELT WaveFront Sensor (WFS), presented in [8], and about which 
we will show an opto-mechanical design extremely compact and feasible with existing technology and components. 
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2. A NEW CONCEPT FOR MCAO NGS BASED 
The idea beyond this new concept is to use a much bigger FoV to look for the WFS reference stars. In this way, the 
probability of finding suitable reference stars will become very high, increasing consequently the Sky Coverage 
reachable by the system. 

The problems in doing such a FoV enlargement are essentially: 

• the increase of the meta-pupil at a certain altitude 

• the noticeable reduction of the sensor depth of focus, meaning with the latter that turbulent layers close to the 
DM conjugation altitude would be barely visible 

Of course, the first item depends on the telescope diameter: the bigger the diameter, the smaller the difference between 
the pupil and the meta-pupil (which is the projection of the pupil at a certain altitude for a given FoV), as it is shown in 
Figure 1. 

 
Figure 1: with the same FoV and at the same altitude, the overlap for a 42m telescope is of course much bigger that the 

one of a 8m telescope 

The problem of the decreasing depth of focus when increasing the sensor FoV is actually easily solved in the way 
described in the following. 

Let us consider a Multi Conjugate Adaptive Optics (MCAO) system with two Deformable Mirrors (DMs), conjugated at 
0 and 8Km. The WFS is operating in Layer-Oriented (L-O) fashion, with numerical co-addition of the light, which 
means that there is a detector coupled to each considered WFS reference. Since the system is working in L-O fashion 
with numerical co-add, we can reconstruct how the atmosphere is at different altitudes, say 2, 4 and 6 Km, of course in 
addition to the reconstruction at the DM conjugation altitudes, which are 0 and 8Km in this example. At this point, if we 
have real DMs conjugated at 2, 4 and 6 Km, and if the correction is very good, they will remove completely the layers to 
which they are conjugated. Since they are not there, we can consider them as “virtual DMs” and remove numerically 
their effect from the signal seen by the two real DMs as if they were present, taking in this way into account the signal 
corresponding to that altitude. 
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In this way, even if the WFS FoV is very large, one will be able anyway to take into account the contribution of  
turbulent layers at intermediate altitudes, of course smoothed in a way which depends on the distance between the real 
DM and the virtual one (see Figure 2). 

 
Figure 2 Left side: to drive the DM conjugated to 10Km we use the signal coming from each virtual DM conjugated to 

the selected altitudes (5 in this example, ranging from 0 to 8Km equally spaced) smoothed of a quantity which is 
depending on the distance of the virtual DM from the conjugation altitude and on the FoV; the same on the right 
side to drive the DM conjugated to 0; note that, in this particular example, the layer at 4Km is giving the same 
contribution to the signal to be applied at the DM conjugated to 0Km and to 10Km, for the symmetry of the 
system. 

How the system will be finally realized is of course strongly dependent on the telescope optical design, but since the E-
ELT will adopt an adaptive mirror (the tertiary) in the main optical path of the light before the latter reaches any focal 
station, and since that a good place for the WFSs to pick up the light would be one of the Nasmith stations, positioned 
after the tertiary mirror but before any other additional DM conjugated to high altitude layers, such a system would be 
working partially in open loop and partially in closed loop, even if additional fibers and sensors might be used to monitor 
the DM shape and close the loop on it. 

Thus, the wavefront sensed by the arm will be only partially corrected, meaning that the sensor will work almost in open 
loop condition, and this operating condition requires either a very linear WFS or a new idea on how to perform the 
sensing operation. 

3. THE VERY LINEAR WAVEFRONT SENSOR CONCEPT 
Since the idea is to collect the light from an annular area much bigger than the one we want to correct, an initial rough 
concept could be to have an arm which can enter in the telescope FoV, fold the light coming from an artificial reference 
and analyze the wavefront giving an open loop measurement of the aberrations. This operation is not so easy to be 
performed with the usual standard WFS, like the Shack-Hartmann (S-H), the Curvature or the Pyramid one, since they 
have been conceived to perform in close loop and their linearity range is normally not high enough to provide open loop 
measurements. 
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Figure 3: Linear Range and sensitivity in a four quadrant sensor 

Of course, one could think to optimize the characteristic of any of the mentioned WFS to increase the linearity range 
(few lenses in the S-H case, small defocus in the Curvature case, modulation in the Pyramid case) but, in any case, being 
the WFS linearity inversely proportional to the sensitivity (see Figure 3), the sensor will of course decrease its capability 
to see the small details of the wavefront. Of course, the last fact pushes in the direction of using WFS in which the 
sensitivity can be changed while working in real time, as it is for the Curvature and for the Pyramid, but still they would 
need a high capability to adapt their sensitivity to the atmosphere, which is changing continuously and very fast, and this 
feature looks very difficult to be achieved. 

Thus, one could think to a different kind of wavefront sensor, or to a combination of WFS, one very sensitive and 
working in close loop with a DM internal to the sensing system, and another one and another one with a very high 
dynamic range looking at the shape of the DM, as it shown in Figure 4. 

 
Figure 4: the open loop measurement of the wavefront performed using two “co-operating” wavefront sensors, the 

Pyramid and the YAW, used respectively in close and open loop. 

In fact, with such a configuration, the Pyramid ([9]) is closing the loop on a DM small and with a high dynamic range, an 
optical fiber is sending monochromatic light on the same DM, and a YAW sensor (with a very high linear range [10]) is 
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looking at this fiber light to monitor the DM shape, which is in fact the atmospheric shape of course (a part from the 
residual of the correction performed by the Pyramid, which is anyways known).  

In this way, every arm can be positioned on a natural reference giving the open loop measurement of its wavefront to the 
MCAO loop, that will be used to reconstruct the WF distortion at different altitudes, as explained in the previous section. 

In the following sections we will show a conceptual Opto-Mechanical design of such a combined system. 

4. THE OPTO-MECHANICAL DESIGN 
In the following sections we will show a preliminary opto-mechanical design of the concept just described and shown in 
Figure 4. As it will be clear in the following, all the elements utilized are absolutely standard components, most of them 
commonly commercially available and, anyway, doable with technology existing nowadays. 

One aspect we would like to emphasize is that, even though the 2 sensors are completely different, they are both “pupil 
plane WFSs” (the detector is on the pupil plane), and both of them are working with four images of the pupil; thus, 
choosing in a proper way the optical components of the two sensors, we can obtain identical sized pupils, meaning also 
identical detectors. In this way, the combination of the residual signal seen by the Pyramid WFS with the turbulent 
wavefront seen by the YAW can be done very easily (summing directly the signal obtained in the corresponding pupils 
of the two sensors). 

 
Figure 5: The Optical design of the Very Linear WFS 

 

4.1 The Optical Design 

In Figure 5 a possible optical design corresponding to the concept described in Figure 4 is shown, having a final 
dimension which is absolutely compact and comparable for example with the arms that E-ELT will use for the active 
optics image analysis (see Figure 6 for the overall max dimensions). As explained in section 3, an additional fiber, 
positioned at the input focal plane, is used to send monochromatic light to the DM; this monochromatic light is then sent 
to the YAW WFS by a notch filter dichroic, which transmits every other wavelength to the Pyramid WFS. The YAW has 
a sensitivity to the light which is quite low, but in this setup this fact is not causing any problem since the light coming 
from the fiber can be adjusted and indeed this light is filtered out by the notch filter without disturbing in any way the 
Pyramid WFS measurements. We want to emphasize that all the optical elements used in this setup are either off the 
shelf component or for sure doable with straightforward custom designed lenses. 

With respect to the concept shown in Figure 4, to minimize the arm dimensions and to optimize the number of optical 
elements utilized, a very small tilt have been applied to the DM in a way that the beam is going back using the same 
collimator of the incoming beam. A very small flat mirror is then folding the light coming from the DM to the wavefront 
sensing part, where a notch filter is then reflecting the monochromatic light injected by the fiber in the system with the 
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aim of looking at the DM shape, which represents the shape of the turbulent wavefront. The same notch filter is also 
transmitting the rest of the light to the Pyramid WFS, which is then closing the loop on the internal DM. Supposing 
perfect correction of the pyramid sensor, than the DM shape will be exactly the incoming turbulent wavefront shape 
(limited only by the dynamics of the actuators) which will be seen by the YAW sensor through the monochromatic light. 
When the correction will not be perfect, the Pyramid wavefront sensor will measure a residual wavefront which, summed 
to the wavefront measured by the YAW, will give the incoming turbulent wavefront shape.  

4.2 The Mechanical Design 

Following what we said in Section 2, the basic idea is to have a number of movable arms which can be inserted and 
moved before the focal plane in order to pick-up the light of a few natural stars  

The constraints followed in the mechanical design concept, shown in Figure 6 and outlined in this section are the 
following: 

• minimization of the obstruction in the focal plane, since it is highly probable that several arms will be used in 
the same area to pick-up the light of other references for telescope auto-guiding, active optics and other adaptive 
optics issues, like the laser ones 

• light-weighted structure, since it has to be positioned in a part of the FoV 

• compact structure, to minimize the occupied volume 

• CCD and DM orientation positioning, for cabling issues 

 

 
Figure 6: a possible mechanical arrangement of the Very Linear WFS 

The result is a structure very robust but compact and light-weighted, which can be easily positioned throughout the FoV 
or in part of it, and share the space with other arms with different tasks.  

5. CONCLUSION 
The possibility to overturn another barrier (FoV vs depth of focus), from somebody described as “fundamental”, has 
been shown in [8], thus giving the chance to use a very wide FoV for the wavefront sensing area, increasing noticeably 
the sky coverage achievable using solely natural guide stars (preliminary estimates are giving about 40% in K Band at 
the galactic pole). A system which can share the available space with other sub-systems on the Nasmith interface of E-
ELT has been conceptually devised, showing good characteristics of compactness and using DMs, optical and 
mechanical components existing nowadays. Of course such a system in not optimized in term of NGS references 
efficiency, but it is a good compromise on an already designed telescope and moreover can co-exist with the actually 
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foreseen systems, including the LGS based adaptive optics system. E-ELT may thus only take advantage implementing 
such a solution since, in the worse case, there will a good back-up solution in case of late development and/or 
performance problems of the artificial laser beacons. 
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