Layer Oriented Adaptive Optics: from drawings to metal
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ABSTRACT

In order to get rst-hand results in the laboratory and possibly on the sky with the Layer-Oriented approach
we designed, built, and tested a bread-board for this type of wavefront sensor. This device consists of a single
wavefront sensor able to look simultaneously at four references. The positioning of three of the four reference
stars with respect to the central one is made by the means of manually adjustable positioning units. A few
additional degrees of freedom have been intentionally placed in the system in a way to test the sensitivity of
the unit to misplacement and/or misalignment of some optical components. The laboratory set-up includes
a crude system to mimic a telecentric F/32 focal plane illuminated by a number of ber sources that can be
placed in several di erent con gurations. Wavefront deformation can be accomplished by placing some xed
deformating plates optically conjugated to several altitudes on the atmosphere. The system is designed in a way
to be easily tted to the existing AdOpt@TNG system, allowing for multiple references, one DM, closed loop
operations. Preliminary results from this activity will be reported. Laboratory experiments includes checking
of the theoretical predictions, especially the e ectiveness in sensing up to a certain spatial frequency the layers
not speci cally conjugated to the detector. Results of a demonstrative experiment, showing how the wavefront
sensor is able to disentangle layers contribution, are also reported.
Keywords:

Layer Oriented, MCAO, Pyramid Wavefront Sensor, First MCAO WFS Prototype
1. INTRODUCTION

The extension of Adaptive Optics (AO hereafter) to Field of View (FoV hereafter) signi cantly larger than
the isoplanatic patch size is a task accomplished by Multi Conjugated Adaptive Optics (MCAO hereafter) rst
envisaged by Beckers1 and recently exploited in a number of di erent projects for 8m class telescopes (Gemini2 ,
LBT3 and VLT4 just to mention some of them).
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Figure 1.

Optical layout of the breadboard prototype.

MCAO techniques, although realizing their purpose by the means of more than a single Deformable Mirror (DM
hereafter) optically conjugated to di erent altitudes where di erent portions of the atmosphere can hence be
compensated with great detail, di er substantially by the way the information to drive such DMs is retrieved
and processed. MCAO requires, in fact, a wavefront sensing no longer con ned to a single direction in the sky
but to a realm of di erent sources, whichever arti cial or natural.
In the rst proposed MCAO concepts, and also in some on{going projects, several wavefront sensors, conventional in their concept, although especially designed for such a task, are coupled to one out of several point
(or quasi- point, in case for istance of Laser Guide Stars) sources. In 19995, a di erent approach has been
introduced, later de ned in its detailed form6;7 including variations on the theme like the Multiple Field of
View8;9 leading to expectations of even much better performances than what originally claimed.
In what has been called layer{oriented wavefront sensing, several stars are sensed simultaneously and optically
coupled to a single detector conjugated to a speci c altitude, or, in other words, to a speci c layer. While we
redirect the interested reader to other references for informations about ner details of this approach (some of
these being likely still unveiled) we soon realized that the realization of a prototype in the laboratory for such a
wavefront sensor could translate into a practical demonstration of the concepts embedded in the layer{oriented
idea and also into the acquisition of a much deeper knowledge of the technicalities linked with this novel concept
of wavefront sensor in order to have a much more detailed background for the design of on{sky experiments
and instrument facilities, like NIRVANA3 aboard LBT and one of the channels of MAD4 aboard VLT.
In this framework we designed, built and tested a prototype of layer{oriented wavefront sensor that, although
limited in the number of sensed stars and adopting manual stages for alignment and acquisition purposes, is
conceptually identical to the ones we plan to implement on 8m class telescopes in the near future.
2. BREADBOARD OPTICS

The optical layout of the breadboard will be described in the following sections. We tried to use as much as we
could o {the{shelf optical elements due to the very short time scale of the project.
2.1. Optical Layout

From the optical point of view, the prototype may be divided into two main sub-systems: a telescope model
with a generator of static turbulence and a wavefront sensing module. The turbulence is measured by analyzing
the light of four reference sources, represented by optical bers with a 0.3mm core fed by a white light source.
The optical layout is shown in Fig. 1.
Telescope{Atmosphere Model

The rst sub-system includes the ber sources, a diaphragm representing the telescope aperture (hereafter
referred to as telescope pupil diaphragm), a set of screens to generate the static turbulence at various distances
from the telescope pupil diaphragm and two lenses of focal length f0 = 160mm (LINOS 322310), hereafter
referred to as telescope lenses. The reference sources can be arranged in various con gurations over a Field
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of View FoV= 16mm in diameter, in order to simulate both regular and irregular star asterisms. The bers
are placed a distance f0 to the left of the rst telescope lens. The telescope pupil diaphragm is located a
distance f0 on the right of the rst telescope lens and a distance f0 on the left of the second telescope lens.
With this arrangement the beams illuminating the turbulence screens are collimated, thus simulating a real
situation where the reference sources are at in nite distance. Furthermore, the exit pupil appears at in nity.
This sub-system delivers to the wavefront sensing unit a F=32 telecentric focal plane, where the images of the
light sources are blurred by the turbulent screens.
WFSensing Unit

The wavefront sensing module consists of four star enlargers, each one ending with a pyramid prism, a
re-imaging objective and a CCD detector to record the intensity on the re{imaged pupils. The star enlargers
can be moved along two axes orthogonal to the system optical axis, in order to pick up the light of the simulated
stars. From the optical point of view, the e ect of the star enlargers is to magnify the images of the reference
sources, increasing the focal ratio of each beam separately; the net e ect is the shrinking of the pupil size on
the detector plane. Each star enlarger ends with a pyramid prism which splits the light in four beams; the
beams corresponding to the di erent sources are then optically combined by an objective, which produces in
total four pupil images (one for each face of the pyramid prism) onto the detector. The perfect overlapping of
the pupil images corresponding to the four reference sources actually occurs when the detector is conjugated to
the telescope pupil diaphragm; when it is conjugated to a di erent screen, in fact, each pupil image splits in four
slightly displaced pupils (one for each reference source), which can be accommodated into a circle called meta{
pupil. Each star enlarger is formed by two achromatic doublets of focal length f1 = 25mm and f2 = 150mm
respectively, increasing the focal ratio from the input value of F=32 to the nal value of F=192. The rst
doublet is a commercial one (EDMUND 32305), while the second has been manufactured by Laboratorio Ottico
Colombo. The pyramid prisms have been manufactured at the Osservatorio Astronomico di Brera-Merate by G.
Crimi, grinding four BK7 commercial lenses; the nominal vertex angle ( = 1:2Æ ) ensures a suitable separation
of the four meta{pupils when the detector is conjugated to the screens simulating the high{altitude turbulence.
The re-imaging objective is a variable{focus commercial one (EDMUND 52585), with focal length f = 75mm
and focal ratio F=1:4; adjusting the focus allows to conjugate the detector to di erent ranges, without moving
its supporting system. The size s of each pupil image is given by s = f=F , where f is the focal length of the
objective and F the focal ratio of the beams after the star enlargers (F=192); in our case, the individual pupil
size results to be s  0:392mm.
3. MECHANICAL DESIGN

The mechanical design of the prototype has been performed in the Osservatorio Astronomico di Padova and in
Verona by Tomelleri SPA. In Fig. 2 the nal system assembled in the lab is shown.
Due to the short time scale of the prototype, we tried to make the mechanical design as easy as possible
in order to have the shortest possible delivery time for all the parts. We give now a brief description from the
mechanical point of view of the sub-system of the prototype.
The rst element is a mount holding an XY manual positioner which has the purpose to center the plate
holding the optical bers with respect to the central star enlarger of the `star enlarger positioner '(that can be
seen in Fig. 3). The bers end with a standard SMA connector and they are xed to the moving plate by using
glue.
The second element is a commercial holder for a lens with the purpose to create a parallel beam in order to
minimize distorsion e ects on the turbulent screens. Immediately after there is the telescope pupil diaphragm,
which is a custom made holder composed by two aluminium plates with a diaphragm simulating the telescope
entrance pupil. Connected to it there are also two small aluminium plates holding the screens (that can of
course be removed) used to introduce the turbulence at a certain altitude varying from 0km to about 20km.
Immediately after the pupil diaphragm there is the Telescope Lens Holder, supporting a lens of the same focal
length of the rst one (160mm), which is placed just before the Star Enlargers Positioner, the most complicated
part of the mechanical sub-systems.
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Figure 2.

The complete system assembled in the lab.

The latter (shown in Fig. 3) is composed by a main base plate which is holding the rest of the mechanical
structure. The base plate is kept at the proper beam height by four cylindric supports. Two plates mounted
perpendicularly to the base plate have the purpose to hold the linear stages used to position the star enlargers.
Every star enlarger is moved by two couple of XY linear stages, one for each end, in order to position them
accurately with respect to the tip-tilt and to have a good superimposition of the 16 images of the pupil (4
each star enlarger because of the pyramids) on the detector. Every star enlarger end is connected to the XY
movement through a thin elastic metallic plate which allows to move the two ends independently and moreover
to adjust the focus of the star enlargers by using a screw connected to the movable part of the structure and
pushing on the thin plate.
The four star enlargers are basically composed by an aluminium support as long as the distance between the
rst lens and the pyramid, with a shape done to accomodate the small cylindrical lens and pyramids mounts
(glued on them); they are realised in a way to minimise their obstruction in the eld, thus giving the possibility
to have two star enlargers as close as the external diameters of the mounts of the bigger lenses, which is 8mm.
The pyramid mounts allow the possibility to rotate the pyramid themselves, in order to give the possibility to
tune their orientation.
The second last element of the system is the Pupil Re{Imaging Objective Holder (shown in Fig. 2), which is
just before the CCD (we used an Electrim EDC-1000N) mounted on a commercial Tip-Tilt stage.
4. TURBULENT SCREENS CHARACTERIZATION

The atmosphere is simulated using several screens placed at di erent altitudes. We tested the quality in terms
of phase degradation of di erent materials before to choose plastic layers. Seven 1.05 millimeter thick and
3030 millimeter large screens have been characterized during a laboratory experiment measuring the Root
Mean Square (RMS) of the di erent screens for several pupil masks by using an interferometer. From the RMS
we computed an equivalent Strehl ratio which allowed us to estimate the perturbation of the screen. The second
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Figure 3.

Two di erent views of the star enlargers positioner.

step in the characterization was the mapping of the wavefront itself and the decomposition of the wavefront on
the Zernike basis. We obtained the wavefront of all the screens with several pupil diameters (the breadboard
system has on the screens a pupil diameter of 3.2 mm on the ground and a metapupil diameter of 3.8 mm on
the high layer). This characterization phase have been useful to validate the idea of using very simple screens
as turbulent layers.
5. DATA REDUCTION SOFTWARE

Some procedures for the data analysis have been written in the IDL environment. The more relevant are listed
below:
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mask-abcd: this procedure de nes from the raw pupil images a bitmap, agging the positions where the



signal: this procedure simply performs the computation of the signal which is proportional to the wave-



signal-to-wavefront: the signal computed with the previous procedure is than used to compute the



fitzernike: this code can t to the metapupil a number of Zernike polynomials, remove a certain amount,



BB compu: this procedure calls signal, signal-to-wavefront and fitzernike; it returns the wavefront
image and its standard deviation either with or without the tip-tilt and defocus contributions.

pupils lie. This de nes four equal areas, which correspond to the footprint of the beams on the detector.
While this is of a mere circular shape in the case of ground layer focusing, the shape is of course much
more irregular in all the other cases.
front derivative. It checks for division by zero and it can generate SNR maps in order to evaluate the
quality of the signal over the footprint.
nal estimated wavefront.

retaining a certain amount and so on. This is useful for both data reduction and diagnostic purposes.
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6. TEST RESULTS: VALIDATION OF THE LAYER-ORIENTED CONCEPT

The rst step with the system focused at a certain range was to take a measurement without any turbulent
screen (Figure 4, left side). The goal was to retrieve the pupil masks used in all the further computations and
to measure the so-called static aberrations of the system.

An example of static measurements obtained on the CCD when the system is focused either on the ground
(1st from the left) or around 6km (2nd from the left). These measurements are used to determine the pupil masks (3rd
and 4th from the left) but also to substract the static aberrations from the turbulent wavefront.
Figure 4.

From the four pupil masks shown in Figure 4 right side, we compute the combined footprints. The imperfections of the pyramids degrade the recombination of the pupil masks: a part of the wavefront information is lost. The
left side image shows the mask when the system is focused on the ground. The central image shows the 6km recombined
mask. The right side image is the product of the two previous masks.
Figure 5.

Figure 4 (right side, last two images) shows the masks obtained either for the ground or for 6km. The
imperfections of the masks (cf Figure 5) is due to the bad quality of 2 out of 4 pyramids which introduce a
considerable displacement of their corresponding four pupils. In the ideal case the four pupil footprints should
be identical. The superimposition of the four groups of pupils is thus not perfect giving footprints di erents
for the four pupil masks. The right side mask of Figure 5 is used in paragraphs 6.2 and 6.3 to have a fair
comparison between two wavefronts obtained with the system focused at di erent ranges. In all the following
tests, the retrieved wavefronts have been processed subtracting the tip-tilt and defocus terms and all the units
are homogeneous but arbitrary ones.
6.1. Focus on the ground (telescope pupil)

The rst test was done using only one turbulent layer successively placed at di erent altitudes (equivalent scaled
range of 0, 3, 6 and 9km) while the system was always focused at the ground level. The measurement allows to
show the smoothing e ect proportional to the distance between the layer of focusing and the turbulence layer
altitude. The results are given in Figure 6. The RMS decreases signi cantly with the distance increase: moving
the screen from 0 to 9km induces a drop of almost 50 percent of the RMS value.
In the second test we placed two turbulent screens respectively in position 1 (ground) and 2 (3km altitude)
measuring the total wavefront. Then we measured the rst screen alone, placed in position 1, and the second
screen alone, placed in position 2 and seen out-of-focus, and we summed numerically the latter two separate
measurements comparing the obtained result with the total wavefront measured with the two screens in position
at the same time. The result of this test is shown in Figure 7: the RMS errors of the residual wavefront is lower
than 1/10 of the wavefront amplitude.
The smoothing of a layer introduces a loss of its high frequency pattern. Hence, the farther the layer from
the focusing altitude, the lower should be its contribution to the measured wavefront (only low frequency terms
should remain). Leaving the system focused on the ground level, we measured the turbulence of the wavefront
Proc. of SPIE Vol. 4839
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From the left to the right, the screen 4 is moved from the ground layer to an altitude of 9km using steps of
3km. In the upper image the wavefront maps are shown while the surface of the wavefronts is on the lower part. The
RMS decreases gradually with the altitude increase. The wavefront smoothing is clearly shown in the surface view.
Figure 6.

On the left side the wavefront is obtained by placing the screen 4 on layer 1, the screen 6 on layer 2 and by
measuring the turbulence pattern. The central image is the sum of two wavefronts measured separetely (one wavefront
with only the screen 4 on range 1, the other with only the screen 6 on range 2). The right-most image is the residual of
the two.
Figure 7.

for two screens. We placed one screen on the ground (at the WFS conjugation altitude) and we moved the
other screen from altitude 2 to altitude 4. Figure 8 shows the result.
A layer-oriented system using a DM on the ground measures the ground turbulence layer and the low
frequency terms on the high layer. The higher is the second layer, the lower are the frequencies sensed by the
DM. A further veri cation of the smoothing e ect was to compare the measurements obtained with two screens
when inverting their positions. We used the screens 2 and 7 and measured the turbulence wavefront either with
screen 2 on the ground layer and screen 7 on layers 2, 3, 4 or with screen 7 on the ground layer and screen
2 on the others layers. Figure 9 shows the wavefronts obtained. The higher left side and the lower left side
wavefronts are almost identical as the higher right side and the lower right side wavefronts. This is again due
to the smoothing e ect of the turbulence layer far away from the altitude where the system is focused.
The following step is to verify the sensing when the system is focused at a high altitude layer and to see the
e ect of introducing a layer between the two altitudes of focusing.
The measurement of the non-conjugated layers is a ected by a smoothing e ect, with an associated cuto
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The left image shows the wavefront of the two screens used for this measurement when they are located on
the ground. On the left side is shown the screen 3, on the right side the screen 6. Then the right side screen of the upper
image is moved successively to di erent altitudes while the left side one stays on ground. The right image shows the
corresponding three measurements. The total wavefront is always similar to the screen 3, which is seen in-focus, while
the RMS decreases slightly, due to the smoother and smoother contribution of the other layer.
Figure 8.

From the top to the bottom, we have on the left side, all the wavefronts obtained with the screen 2 on the
ground and the screen 7 placed in layer 2, 3, 4; on the right side, the screen 7 always on the ground and the screen 2
placed on layer 2, 3, 4.
Figure 9.
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frequency inversely proportional to the di erence in conjugation range and to FoV width. The best measurement
would be the average of the non-conjugated layer wavefront over a region given by the FoV projected onto the
layer itself. In any real MCAO system, the nite number of reference sources introduces a discretization of
the FoV and therefore the wavefront averaging is not optimal. We performed a test to verify the accuracy of
the wavefront measurement with only four reference sources, as compared to a FoV uniformly lled with guide
stars. The ideal measurement in our test was numerically computed in the following way. Two screens were
measured separately, placed on the ground layer with the system focused at the same position. Then the second
layer was smoothed by a convolution with a uniform dish, whose width was equal to the projected FoV onto
di erent non-conjugated layers. The rst wavefront and the second after smoothing were then summed and
compared to the measurement taken with both the screens in place, in particular with the rst screen in focus
at the ground layer and the second moved from layer 2 to layer 4. The results of the tests are shown in Figure
10: the measured wavefront is very similar to the ideal measurement.

The above image shows three measured wavefronts with one screen always in layer 1 and another screen in
layers 2, 3 or 4 (top row); these are compared to the ideal measurement, given by the rst layer plus a smoothed version
of the second, computed by convolving the screen with a uniform dish of increasing width (bottom row). The useful
region of the ideal measurement becomes smaller as the distance of the non-conjugated layer increases: this is related
to the numerical convolution. The bottom image shows a di erent view of the rst case (one screen in layer 1 and the
second in layer 2); the residual between the measured and the computed wavefront is shown on the right side.
Figure 10.

6.2. Focus either on the ground or around 6 km

The screen 6 was located on the ground while the screen 3 was in layer 3, around 6 km. The system was rst
focused on the ground and the wavefront obtained is similar to the screen 6. Then by changing the altitude of
focusing to layer 3 at 6 km we can see that the wavefront obtained is similar to the screen 3. We inserted also
two di erent screens (screen 2 which has a low RMS value and screen 1 which is stronger in terms of RMS) on
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The screen 6 is located on the ground while the screen 3 is in layer 3, around 6 km. The third and fourth
rows show the e ect of introducing a third turbulent layer between the other two.

Figure 11.

the layer 2 (3 km in altitude) between the two altitudes of focusing and checked their e ects on the measured
wavefront.
Figure 11 summarizes the various properties of the layer-oriented measurement in open loop when using two
altitudes of sensing. If the atmosphere is composed of two layers located at the altitudes of sensing, the ground
CCD measures mainly the ground turbulence while the high layer CCD measures mostly the high turbulence
layer. But the two CCDs measure also the low frequency terms of the other layer. A layer situated at an
intermediate altitude will be seen smoothed by the two CDDs.
6.3. Focus at 0, 3 or 6km

We nally checked the measured wavefront obtained focusing the system on layers 1, 2 and 3, with three screens
in place at these positions. The result is shown in Figure 12. The aim of this test is to show that the sensor is
always more sensible to the turbulent layer placed at the WFS conjugation altitude.
In order to ensure the matching of the total measured wavefronts with the screen in the conjugated layer,
we computed the correlation coeÆcients of the measurements (Table 1). Such correlation gures are always
Proc. of SPIE Vol. 4839
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The upper three images show the wavefront of the screens 3, 1 and 6 measured alone with the system focused
to the layers 1, 2 and 3 respectively. The lower three wavefronts are obtained with all the three screens in place, for
di erent conjugation ranges of the system.
Figure 12.

Correlation

Screen (3 + 1 + 6)
focus on layer 1
Screen (3 + 1 + 6)
focus on layer 2
Screen (3 + 1 + 6)
focus on layer 3

Screen 3 in focus
on layer 1
0.44

Screen 1 in focus
on layer 2
0.74

Screen 6 in focus
on layer 3
0.55

0.27

0.83

0.65

0.13

0.70

0.70

Correlation coeÆcients computed between the di erent wavefronts presented in Figure 12. Each wavefront
obtained with three turbulence screens in place while focusing on three di erent altitudes is correlated with the three
single screens focused at one of the three layers.

Table 1.

much larger than zero. In order to get a proper loop closure it is enough to have any positive correlation
between the total observed wavefront and the true one. The larger is the correlation the faster will be the
bootstrapping phase. In fact, as soon as the correlation is larger than zero the corresponding layer will be
removed, improving the correlation of the other layer{oriented loop. The viceversa holds as well. The condition
for bootstrapping the loop is therefore a non-negative correlation. In all the observed cases we experienced a
safely positive correlation. For each column in the Table the correlation between the total wavefront and a given
screen properly reaches a maximum at the speci c range where the screen is located. For istance it is larger at
6km rather than 3km or at the ground level if the considered screen is at 6km. The correlation between the
Screen 3 and the total wavefront when the system is focused on layer 1 is the worse (0.44). Two di erent e ects
can explain this result: rst the screen 3 has a RMS value lower than the other screens. In addition, the low
frequency wavefront patterns of the screens 1 and 6 are similar: the low order terms added to the Screen 3 are
'ampli ed'. But even under such conditions, the correlation coeÆcient is by far higher than zero.
7. CONCLUSIONS

For the rst time we built in the laboratory a wavefront sensor measuring collectively the light coming from four
di erent sources. There are no conceptual limit to the number of the observable stars, other than optomechanical
issues. The light carrying information upon the turbulence or the wavefront perturbation from their origin to
the entrance of the wavefront sensor has been successfully coadded optically and fed into a single detector. The
data analysis performed shows that the system behaves qualitatively as predicted.
598
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The Breadboard system validated the most important principles of the layer-oriented concept. Especially:





The correct behaviour of the layer{oriented wavefront sensor has been demonstrated by observing several
con gurations with up to 3 layers at di erent focusing altitudes;
The proper smoothing of the layers has been checked with an accuracy at least better than  10%;

The proper re{imaging of a speci c layer, as seen through two perturbing screens, has been accomplished
with correlation coeÆcients in the range 0.4 : : : 0.85.

A more quantitative characterization of the results must be done soon in order to express the numerical
results with the proper units, even if already now there is evidence of the proper behaviour of the system (see
Table 1).
We are testing in these days 4 new pyramids made with a completely di erent technology10 that look more
reliable in term of optical quality of the nal elements and also in term of repeatibility. New tests are foreseen
in the next days.
A number of lessons learned have been used to improve either the alignment issues or the mechanical design
of future WFS LO based like ESO{MAD.
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