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ABSTRACT 
 

LINC-NIRVANA is the Fizeau beam combiner for the LBT, with the aim to retrieve the sensitivity of a 12m telescope 
and the spatial resolution of a 22.8m one. Despite being only one of the four wavefront sensors of a layer-oriented 
MCAO system, the GWS, which is retrieving the deformation introduced by the lower atmosphere, known to be the main 
aberration source, requires a noticeable internal opto-mechanical complexity. 
The presence of 12 small devices used to select up to the same number of NGSs, with 3 optical components each, 
moving in a wide annular 2'-6' arcmin Field of View and sending the light to a common pupil re-imager, and the need to 
obtain and keep a very good superposition of the pupil images on the CCD camera, led to an overall alignment procedure 
in which more than a hundred of degrees of freedom have to be contemporary adjusted. 
Moreover, rotation of the entire WFS to compensate for sky movement introduces further difficulties, alignment and in 
ensuring stability of the required pupil superposition. 
A detailed description of the alignment procedure is presented here, together with the lessons learned managing the 
complexity of such a WFS, which led to considerations regarding future instruments, like a possible review of numerical 
versus optical co-add approach, above all if close to zero read-out noise detectors will be soon available. 
Nevertheless, the GWS AIV has been carried out and the system will be soon mounted at LBT to perform what is called 
the Pathfinder experiment, which consists in ground-layer correction, taking advantage of the Adaptive Secondary 
deformable  Mirror. 
 
Keywords: LINC-NIRVANA, LBT, wavefront sensor, star enlarger, ground layer, optical layer oriented, numerical 
layer oriented. 

 
1. INTRODUCTION 

 
 The Ground layer Wavefront Sensor (GWS), to be installed on the NIRVANA instrument [1] at LBT [2] is a multi-
conjugate adaptive optics wavefront sensor based on the Multiple Field-of-View layer-oriented concept [3],[4]. This 
technique foresees to use, for the wavefront sensing phase at the level of the ground layer, the light collected in an 
annular field of view, letting the central part of the Field of View go to the MHWS (Mid-High Wavefront Sensor), and in 
this way use the light more efficiently [5]. It consists of two identical units, each placed on the optical path of the beam 
coming from the tertiary mirrors of LBT. As suggested by its name, the GWS is optically conjugated to the ground layer, 
in a way to sense the deformations introduced on the incoming wavefront by the atmospheric lower layer, specifically 
about the first 100 m. The information  retrieved by each GWS about the shape of the wavefront are converted into a 
correction signal and sent to the corresponding Adaptive Secondary Mirror (ASM) of the LBT with a max 1 KHz 
frequency. Both of them are equipped with 672 actuators, which change the mirror shape to reproduce the opposite of the 
perturbations introduced by the lower atmosphere, in order to correct them. The light from the 2'-6' FoV is folded by an 
annular mirror into the GWS. Here 12 optical devices, the Star Enlargers (SEs), can be positioned using as many linear 
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stages in a way to be able to pick up the light of a maximum  of 12 Natural Guide Stars (NGSs). Each star enlarger 
focuses the light of its NGS on the tip of a 4-faces glass pyramid [6] , so that the beam is split into 4 beams. The light 
coming from a certain face of each of the 12 pyramids is optically superimposed, according to the layer-oriented 
technique and, since the WFS is conjugated to the ground layer, the pupils completely overlap. The pupil re-imaging is 
performed by an objective which is a hybrid refractive/reflective one, called the Pupil Re-Imager (PRI). The beams 
coming from the SEs are first reflected by a flat annular folding mirror and then focused by a parabolic mirror toward a 
4-lens objective, re-imaging the 4 pupils on the CCD. The detector is a CCD50 128 × 128 pixels, 24 μm pixelsize, 
mounted on the rear of the Pupil Re-Imager, on a remotely controllable XYZ linear stage.  
The whole unit is mounted on bearing unit to follow the sky rotation, with the purpose to mechanically rotate the whole 
GWS in order to compensate for the field rotation. This unit consists also of a mount, which fixes the GWS to the bench. 
The GWS mount and rotation unit consists of a cylinder-like case, a bearing system and a support structure. The bearing 
is connected to the support structure that links the GWS to the bench on one side and to the cylinder on the other. A 
motor integrated with the bearing, moving the whole cylinder-like case, allows following the circular path of the stars 
within the FoV. 
As is widely known, one of the main challenges of using the optical layer oriented approach is the optical co-addition of 
the light from the reference stars on the same detector, increasing the SNR of the system and permitting use of faint stars. 
This requires that the pupil supeposition at the level of the detector must be kept as similar as possible to that which 
occurs at the detector conjugation altitude. In our case the conjugation quote is 100 m, where there is a complete pupils 
overlap.  
The achievement of a reasonably similar pupils super-imposition on the detector requires a great number of opto-
mechanical constraints and tolerances, making the Alignment, Integration & Verification (AIV) of the system very 
challenging. In the next sections we will briefly see the opto-mechanical structure of the GWS, and in more detail the 
main tolerances to take into account in order to obtain, and to keep, the requested level of superposition and the 
alignment procedure followed. 
 

 
2. STAR ENLARGER 

 
The implementation of the layer-oriented approach, and generally of every high-order aberration sensing system using 
CCDs, involves a practical difficulty, namely the quite large size of the reimaged pupils formed by the pyramids. In fact 
the pupils formed by simply positioning a pyramid on the focal plane of a telescope have a dimension on the CCD plane 
of:  
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where fl, dl and Fl are the focal length, diameter and focal ratio respectively of the pupil re-imaging optics, while F is the 
focal ratio of beam focused on the pyramid pin, D the telescope diameter and θ  the wavefront FoV. For the GWS would 
be s = Fl × 14.4 mm, clearly too big unless using an impossible exceeding fast pupil re-imager. The solution adopted here 
is to increase the focal ratio of the beams on each pyramid pin: according to equation (1), this translates into a reduction 
of the reimaged pupil size. An optical train is added before each pyramid in order to change the focal ratio of the beams 
from F to F’. This enlarges the apparent size of the stars, while their position and relative distances are left unchanged. 
The optical train is called Star Enlarger [7] and is composed of two achromatic doublets. An increment of the F/#  of the 
beam on the pyramid pin by a factor k translates in a pupil shrinking on the CCD plane by the same factor. For the GWS 
has been decided an enlarging factor k = 12.5, changing the input F/15 beam in a F/187.5 beam on pyramid vertex. The 
NGS F/15 beam coming from the LBT is collimated by an achromatic doublet with focal length f1 = 13 mm (and 
diameter d1 = 5 mm), producing a small pupil image. A second achromatic doublet with focal length f2 = 162.5 mm (and 
diameter d2 = 14.7 mm) is placed at a distance f1 + f2 from the first one. In this last lens focal plane an enlarged image of 
the NGS is produced, with a focal ratio F’ = kF, where the enlarging factor is k = f2/f1 = 12.5. The result is then an 
F/187.5 output beam focusing on the pin of the pyramid. At the end of each SE, the refractive pyramid splits the light 
into four beams with a divergence angle β = 0.566°. 
The SE optical elements are mounted on cylindrical aluminium holders, optimized in a way to minimize the FoV 
obstruction and positioned on a V-shaped rail.  
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Figure 1. Left: a draw of the optical elements of a SE, mounted on their mechanics. Right: a schematic of the star enlarger. The 
incoming F beam gets enlarged to a F’=kF beam on the tip of the pyramid by two achromatic doublets. An objective re-images and 
super-imposes the pupils from different star enlargers, with the size s= fl/F’. 

 
 
 The rail is then fixed with two blocking screws on the top of an aluminium T-shaped arm. The T-arm is finally fixed to 
the linear XY stages into the GWS, interfaced by a tip-tilt stage for the fine adjustment of the star enlarger tip tilt. 
The 2'-6' angular diameter of the annular FoV corresponds, at the level of the SE focal plane, to a 72 – 217 mm linear 
diameter, so the 100 × 100 mm travel range of XY linear stages permits to cover more than the annular area interested by 
the sampling, with a partial superposition of each individual SE covered area. Since the stages dimensions are not so 
small, to obtain a compact overall structure six XY stages are fixed on a first annular plate, while the other six stages are 
mounted upside-down to another plate, connected with the first one. 
 
 

3. PUPIL RE-IMAGER 
 

 The GWS pupil re-imager optically co-adds the light coming from the 12 SE, forming four pupil images on a 128 × 
128 pixels detector. Optically it is composed of an annular flat mirror, a parabolic mirror and a four lenses refractive 
corrector. The annular mirror reflects the light toward the power optics and it will be used to align the re-imaging optics 
optical axis to the bearing rotation axis of the GWS. The camera is composed of a parabolic mirror and a refractive 
system made up of 4 achromatic doublets, placed in the flat mirror central hole, as shown in Figure 2, and delivering an 
F/0.9 output beam. The 128 × 128 pixel detector is located on the rear part of the 240mm folding mirror, just behind the 
refractive corrector. The PRI aperture is 245 mm in diameter and its effective focal length is 220 mm. 
 

  
Figure 2. Left: the Pupil Re-Imager optical design. Right: Pupil Re-Imager mechanical design. The tip-Tilt mounts are highlighted. 

 
 
Mechanically the following adjusting systems are foreseen to allow the proper relative alignment of the PRI optics: 
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· De-center of the parabolic mirror; 
· Tip-Tilt of the folding mirror; 
· Tip-Tilt of the barrel for the refractive corrector; 
· Tip-Tilt CCD mount; 

 
 

4. THE MOUNT AND ROTATION UNIT 
 

  The optical elements previously described are assembled into a main mechanical structure, designed for several 
purposes, consisting of three main parts: 
 

· The SEs support structure. This unit consists of two facing flanges, each holding 6 SEs XY linear stages, on 
which the SEs are fixed, above their tip-tilt plates. 

· A de-rotation system, consisting of a bearing fixed on a carbon fiber arm, allowing the whole GWS de-rotation 
to follow the sky motion. 

· A carbon fiber support structure for the whole unit that acts as an interface between the GWS components and 
Linc-Nirvana optical bench. 

 
The whole SEs holding unit is linked to one side of the bearing system, while on the other side is fixed the PRI, with the 
flat mirror facing the pyramids on the SEs. In order to keep a good stiffness while the whole system tilts over with the 
bench, the two flanges holding the linear stages are connected with columns to an additional structural ring. 
 

 
Figure 3.  Left: rear view of the GWS mounted on the bearing and carbon fiber support structure. The whole structure is held by a 
handling designed and realized to sustain the system during the final alignment procedure. Right: front view of the GWS. Can be seen 
twelve star enlargers and a couple of linear stages fixed to the external flange. 
 
 

5. ERROR AND TOLERANCES FOR THE GWS 
 

 The large number of opto-mechanical elements (12 star enlargers, each with 3 optical components, moving in a wide 
annular FoV and sending the light to a common pupil re-imager) which compose the GWS, and consequently the large 
number of errors potentially introduced, together with the request to obtain a really good pupils super-impositions onto 
detector, translates into a great number of requirements and tolerances to be met in order to not excessively decrease the 
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performance of the system. The rotation of the entire WFS to compensate for the sky movement, moreover, introduces a 
further difficulty in ensuring the required pupil superposition stability. We’ll see here what are the main error sources, 
their effect as blur on the four re-imaged pupils and the related requirement. A blur on the pupil translates into relative 
shifts of the sub-apertures in which the pupils are divided, which causes (superposing the light of several pupils coming 
from different SEs) a “cross-talk” between adjacent sub-apertures, i.e. in a certain sub-aperture there will be some 
undesired light coming from the adjacent ones. Of course, this shift should be much smaller than the sub-aperture size in 
order to minimize the undesired cross-talk. The sub-apertures considered here and after have a dimension of 48 μm, and 
correspond to the maximum sampling of the pupil (24 × 24 sub-apertures). 
 

· SE diffraction: it’s obviously due to the SE optical design, and it is estimated with Zemax computation as a 7 
μm blur on the pupil. 

· Pyramid chromatism: the pyramids are dispersive elements, and they’re working with polychromatic light. The 
chromatism so introduced is estimated with Zemax computations, resulting in a pupil blur of 6μm. 

· Pyramid vertex angle: the real constraint here is on the repeatability of the pyramid vertex angle of the twelve 
SEs. The requirement is a ±17’’ repeatability, which leads to a blur on the pupil of 5 μm, and a more relaxed ± 
58’’ absolute error. 

· Pyramid faces orthogonality: pyramid faces orthogonality requirement asked to the providing company (±5’) 
can be translated into a maximum pupil blur of 5μm. However, the providing company test certificate reports a 
pyramid face orthogonality better than 50’’ for all the delivered pyramids, translating into a pupil blur lower 
than 1μm. 

· Linear stages wobble: The effect on the detector plane both of pitch and roll of the linear stage which moves a 
SE is a shift of the 4 pupils generated by the pyramid held by that star enlarger. A typical specification is that 
the maximum shift is of the order of 1/10 of the dimension of the sub-aperture itself, meaning a 25μrad 
requirement for the linear stages pitch and roll. The real values measured on the SE positioning stages delivered 
by the providing company, translate in a SE 10’’ Peak-to-Valley global tilt, assumed 5’’ RMS (25μrad). These 
values are documented in test reports, provided by the providing company itself. This wobble translates into a 
pupil blur of about 5μm. 

· Enlarging factor k: the real requirement is the repeatability of k value, because SEs with different k produce 
pupils of different sizes. Reminding that the chosen value is k =  12.50, the specification is a repeatability of k 
better than 1/240 which leads to a pupil blur of 5μm. 

· SE relative tilt: as discussed for the linear stages wobble, the effect of a tilt of a SE with respect to the PR-I 
optical axis is a shift of the 4 pupils generated by the pyramid. In fact a tilt of a SE by an angle α translates in an 
exit beam divergence angle:  

   ÷
ø
ö

ç
è
æ +×=

k
11ab                                                                       (2) 

  And a consequent pupil shift of: 
    ( ) sFkfs l ××+×=×=D 1ab                    (3) 

 
With s pupil dimension and F the input beam focal ratio.  The requirement is a maximum relative SE tilt of 5’’, 
which translates in a pupil blur of 5μm.  

· Pyramid orientation: a different orientation of one pyramid with respect to the others leads to an incorrect super-
position. The tolerance for the pyramids differential orientation is 10’. This leads to a linear shift of the pupils 
edges which are 1.68 mm far from the center of rotation of  1/10 of sub-aperture and a consequent pupil blur of 
5 μm. 

· Pupil Re-Imager optical quality: PR-I optical quality in terms of blur onto the pupil image can be directly 
verified on the PR-I itself once it is aligned, considering it as a stand alone camera and measuring the RMS spot 
radius of the spots in its FoV (±0.44). Laboratory measurements, obtained feeding the PRI with a wide 
collimated beam, gave a maximum Root Mean Square (RMS) spot radius in the edges of the FoV lower than 
13μm. 

· SEs focal plane: the LBT focal plane is spherical, in a way that there is a huge difference in the focal plane 
position along the optical axis, depending upon the distance from the center of the field. Because the pyramids 
will be used in non-modulated fashion, we must be careful that the “equivalent seeing” on the pin of the 
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pyramid exceed the enlargement of the spot due to the defocus term. Otherwise the defocus term saturates the 
pyramid WFS and cause the impossibility to retrieve higher order aberrations. As the GLAO correction leads to 
a gain in terms of equivalent seeing by a factor two, the above mentioned condition translates into the one that 
half of the seeing must exceed the size of the defocused spot, in angular terms. A Δz SE displacement with 
respect to the LBT F/15 focal plane leads to an angular spot enlargement by:  

 

   
2

''206265''
FD

z
×

D×
=J                         (4) 

 
Using mm as unit of measure, we get ’’= 0.11Δz. The actual PtV of the curved focal plane in the GWS onboard 
LINC-NIRVANA is 4.94mm, translating into the condition that the seeing should be worse than 0.55arcsec. 
Statistics offered by LBC show that the median image quality is of the order of 1’’. So the fraction of observing 
time in which a potential lack of dynamic range could occur coincides with the one of “very good” seeing.  As a 
preliminary solution, implemented for the Pathfinder experiment [8], has been decided to split the SEs into two 
groups, odd SEs and even SEs. The first group spans the 1’-2.2’ radius area while the second one the 2.2’-3’ 
radius area, in a way that the two regions have equal areas. For each SEs group it has been identified an offset to 
which align it in a way to both divide their regions into two equivalent areas, which will respectively be in intra-
focal and extra-focal position, and to have a similar residual defocus WFE in the edges. The odd SEs are aligned 
and focused to a radius of 1.71’ and their offset is 1.93 mm from the 0° FoV focus, while the even SEs are 
aligned to a radius of 2.63’, with an offset of 4.5 mm. The residual maximum defocus for both groups with 
respect to the LBT focal surface is 1.37mm, so the seeing should be better of  0.15’’  to become an issue, that’s 
to say a rather unlikely case. In any case the effect of even a huge defocus is negligible in terms of pupil blur on 
the detector and only results in a defocus signal detected by the WFS, which can be subtracted as a static 
aberration, during the calibration procedures. 
 

 
Figure 4. Curvature of the LBT focal plane for a 6’ FoV. The coloured areas highlight 2’-6’ annular FoV which is re-imaged at the 
GWS entrance focal plane. The blue area is the FoV covered by the odd-SEs, focused on an offset represented by the green line. The 
red area is the FoV covered by the even-SEs, focused on an offset represented by the yellow line. The two offsets are been chosen in 
order to minimize the residual defocus WFE on their respective regions. 

 
The solution chosen for the final LINC-NIRVANA instrument is to tilt properly the various linear stages (of 
about 4° with respect to their actual position). In such a way a SE moving along the entire FoV will experience 
always a very small Δz, pushing the threshold seeing toward unrealistic limits. 

· Bearing wobble: it produces a global tilt of the entire GWS and a consequent pupil shift, according to: 

      
SE

PRI

k
fs ×=D a                                (5) 

varying with time and so resulting in an additional pupil blur. The measured bearing wobble is lower than 12 
arcsec, producing a pupil shift of about 1 μm. 
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· SE tilt due to support flexures: SE support flexures cause 40μrad tilt for 90° rotation. Maximum rotation angle 
during observation is 60°and the SE tilt becomes approximately 2/3 of 40μrad, translating into a 6μm blur at the 
level of the pupil. 

· SE tilt due to ring flexures: 6 SE experience no tilt due to ring flexures, while the other 6 have a 60μrad tilt in a 
common direction. Differential effect is 30μrad. At 60° rotation, the estimated tilt is approximately 20μrad, 
corresponding to a 4μm blur onto the pupil. 

· SE tilt due to stage flexures: the flexures of the linear and tip-tilt stages coupled together for different 
orientations with respect to the gravity vector have been measured by the MPIA team in Heidelberg. The 
highest differential tilt, retrieved for different orientations of the tip-tilt and the linear stage with respect to the 
inclination axis, is 24’’ for a complete 60° range of inclination. This reduces to about 4’’ of tilt if the maximum 
differential inclination which the system can experience during one exposure is considered. The effect of such a 
differential tilt of the SEs, during an exposure, translates into a pupil blur of 4μm. 

 
The sum of all these contributes, converted in WaveFront Error (WFE), is used to determine the total Strehl Ratio of  the 
GWS, resulting of 0.71 in J band and of 0.89 in K bands. 
 
 

6. GWS INTERNAL ALIGNMENT 
 
 The GWS internal alignment consists of the relative alignment of the SEs, to avoid a wrong pupil superposition on the 
detector, the alignment of the PR-I optical axis to the bearing rotation axis, performed with the flat folding mirror at the 
entrance of the PR-I itself, and the proper positioning of the SEs entrance focal plane with respect to a mechanical 
reference representing the nominal position of the LBT focal plane. All these alignment steps have to be followed by a 
verification of the performance, in order to match the requirements above described. During this phase a Test CCD 2560 
× 1920 pixels, 2.2 μm pixelsize, has been used in order to have a higher spatial sampling and thus a better precision in the 
alignment. 
 
6.1  PR-I flat mirror alignment 
 
 To adjust the tip-tilt position of the PR-I flat mirror, in order to make the GWS rotation axis parallel to the center of 
the PR-I field of view, defined during the PR-I alignment, a collimated beam, materializing the rotation axis direction, is 
required. The source we used in Padova is an off-axis parabolic mirror, illuminated with an optical fiber and aligned, 
with a precision which has been verified in Zemax, in a way to introduce an aberration on the GWS re-imaged spot 
which is negligible with respect to the spot aberrations produced by the PR-I.  
 

 
Figure 5 : PR-I quality along its FoV, measured as  the dimension of the focused spot of a collimated incoming beam, mapping the 
whole FoV. The red, blue and green configurations correspond, respectively, to 0°, +60° and −60°rotation of the bearing. 
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 The collimated beam produced with the parabolic mirror has been folded with a flat mirror toward the GWS entrance. 
The inclination of such a mirror has then been adjusted in order to keep the spot fixed on the test CCD for a complete 
±60° GWS rotation. To align the internal flat mirror of the PR-I, the GWS rotation axis has to be made parallel to the 
beam defining the center of the field inside the PR-I ±0.44 FoV. Operatively, the flat mirror inclination has to be adjusted 
in order to achieve a field (rotating the GWS) in which the optical quality is center-symmetric. The center of the field 
corresponds to the GWS rotation axis. The results obtained after this alignment are shown in Figure 5. The PR-I quality 
along its FoV is measured as the dimension of the focused spot of the collimated incoming beam, mapping the whole 
FoV. The values in Figure 5 refer to the Gaussian fit width in test camera pixels unit (2.2μm pixelsize). The 
measurements have been repeated in three configurations, corresponding to 0°, +60° and −60° rotation angle of the 
bearing. These results translates into an optical quality, expressed in RMS value, which is lower than 13μm in the whole 
PR-I FoV. 
 
6.2  Star Enlarger to GWS alignment 
 
 The alignment of the SEs to the GWS mechanics has been performed using the setup shown in Figure 6. The idea is to 
take advantage of a wide collimated laser beam, coming from a commercial interferometer, as a reference, aligned to the 
GWS so as to be parallel to the GWS optical and rotation axis (now coincident). A commercial f = 480 mm, 2 inches 
diameter lens is used to focus part of the wide beam in the SEs focal planes, defined by the mechanics of the GWS itself, 
and a physical stop positioned at the proper distance from the focusing lens (according to the entrance pupil position at 
LBT: 14 m) defines a F/15 beam. The focused beam (the green one in Figure 6), once passed through a SE, produces 
four images of the pupil stop on the test CCD. The part of the beam which is not focused by the lens (the red one) 
reaches the GWS optics still collimated. If this collimated beam passes through a SE, will produce 4 spots on the test 
CCD 4, whose barycenters are defining the positions of the center of the 4 pupils re-imaged when the same SE is reached 
by a the focused beam. The part of the collimated beam entering the GWS without passing through a SE focuses on the 
center of the PR-I FoV. 
    The first step of the alignment procedure is the mechanical rotation axis materialization. This is performed folding the 
collimated beam from the interferometer with a flat mirror, mounted on a tip tilt mount, toward the GWS entrance and 
tilting the mirror in order to place the focused spot onto detector on the center of the PR-I FoV, retrieved during the PR-I 
flat mirror alignment. A 2 inches wide lens with a 480 mm focal length is used to focus a F/15 beam at the entrance of 
the GWS, to reproduce the LBT focal plane, in order to properly align the SEs in focus.  

 

 
Figure 6. SE to GWS alignment setup. 

 

This lens is aligned in auto-collimation, placing a reference mirror in the GWS nominal mechanical entrance focal plane, 
with a 100μm accuracy. Figure 7 shows the auto-collimation setup used to focus the F/15 lens: the collimated beam 
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coming from the interferometer is divided by a beam splitter into two separated beams, one reflected by a mirror toward 
a setup lens focusing it on a test camera (yellow beam in Figure 7) and the other passing through the F/15 focusing lens, 
being reflected by a reference mirror placed in the GWS focal plane and auto-collimating back on the beam splitter (red 
beam in Figure 7), which reflects it toward the same test camera collecting the spot coming from the first beam. 
The setup lens focusing onto the test camera is moved along its optical axis to optimize the focusing of the first beam. 
When the first beam spot dimension is minimized, the second beam is considered. The lens focusing the F/15 beam at the 
entrance of GWS is moved through focus in order to find the position minimizing the size of the spot focused onto the 
test camera, in auto-collimation. Subsequently this lens is moved of the correct quantity in order to focus it in the SE 
focal plane. 
Once aligned the lens in the correct position the odd SEs are placed on a 1.71’ FoV radius, corresponding to a linear 
radius of 62.7 mm, while the even SEs are placed on a 2.63’ radius, equivalent to a 95.7 mm linear radius. 
The SE alignment to the rest of the GWS is an iterative procedure, consisting of three steps: 

 

 
  Figure 7. F/15 beam focusing setup.                  

 
· Alignment of the rotation angle of the pyramid: the goal for the precision in the pyramid rotation alignment is 10’, 

leading to a displacement of the sub-apertures, which are at the outer edges of the pupils, in the direction of the CCD 
corners, of 1/10 of sub-aperture.  To measure the residual rotation after the alignment, the barycenter positions of the 
four spots obtained illuminating the SEs with a collimated beam are considered. Because of small defects in the 
pyramids faces orthogonality, the rotation angle of each pyramid is measured considering 6 different diagonals, 
shown in Figure 8, and their mean deviation from the 45 is taken as a rotation measurement.  
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Figure 8. The considered diagonals to measure the pyramid rotation with respect to the CCD X and Y directions.  d1, d2, d3 and d4 
represent the directions between the overall image barycenter and the four spots, while Da and Db are the diagonals of the quadrilateral 
defined by the four spots. 

 
 
· Tip-Tilt adjustment: when a collimated beam goes through a SE, four spots appear on the test CCD. The relative 

distances between the spots depends upon the pyramid vertex angle and faces orthogonality, but the position of 
the overall barycentre can be used as a measurement of the tilt of the SE with respect to the incoming beam. 
Before measuring this tilt the collimated beam, used as reference, has to be adjusted in tip-tilt in order to focus 
in the center of the field, defined on the camera during the PR-I alignment and corresponding also to the GWS 
rotation axis projection. The PR-I scale with respect to the test camera is about 2’’/pixel. The effect of a tilt of 
the incoming beam on the four spots is reduced by the SE enlargement of a factor k =12.5. 

 

 
     Figure 9. Tip-Tilt unit supporting the arm of a SE                 

 
 The usual goal of a tenth of a sub-aperture shift of the pupils is reached with a tilt of the SE lower than 5 
arcsec, corresponding to a shift of our spot on the Test CCD of less than 2.2 pixels. The SE Tip-tilt adjustment 
is effectively obtained by means of a custom made Tip-tilt unit (shown in Figure 9) consisting of three 
aluminium plates bonded through copper-beryllium plates acting like pivot. There are fine adjustment screws 
counterbalanced by preloading mechanisms that provide a smooth movement, almost completely decoupled for 
the two axes. Acting on these screws we move the four spots on the Test CCD until their common barycentre 
matches the barycentre of the spot produced by the collimated beam not passing through SEs. Unfortunately, 
due to the physical structure of  the GWS, it was impossible for us to reach these screws in the chosen alignment 
radii. So it has been decided to align the even SEs to a radius of 80.1 mm, instead of 95.7 mm, to make 
physically accessible the screws. The only effect is that this SEs group will be slightly more defocused in the 
outer FoV than in the inner FoV. The fine Tip-tilt adjustment of the odd SEs has been performed acting directly 
on the linear stages tip-tilt screws. In fact the odd linear stages are fixed on the external flange of the GWS with 
six screws each, and their heads are visible from the outside (these screws can be seen in Figure 3, Right).  

· Defocus alignment: to position the SEs in the optical path along the optical axis, the defocus signal retrieved by 
the wavefront sensor has to be minimized. The F/15 beam passing through one SE is then re-collimated by the 
pupil re-imager and produces 4 images of the pupil onto the test CCD. The wavefront shape is retrieved 
comparing the intensities of the four pupils using the quad-cell equations with very small sub-aperture (2.2 × 2.2 
μm), and then de-composed into Zernike polynomials. To convert the retrieved Zernike coefficients into metric 
values, a converting factor has been retrieved using the following procedure: a spatial range along the optical 
axis, centered on the best focus position, is defined and the defocus coefficient is measured for both the extreme 
intra-focal and extra-focal positions (which are symmetric with respect to the best focus). The converting factor 
can be retrieved as: 
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where F is the incoming beam F/#, Δl is the used range along the optical axis, Δc is the difference between the 
measured defocus coefficients in the intra and extra-focal positions. The multiplying factor is an approximation 
which allows to convert from RMS to PtV values. The retrieved converting factor for the SEs, illuminated with 
the light coming from the interferometer (λ = 633 nm), is Condef = 0.074 nm, being Δl/Δc ~ 1/2155 mm. This 
factor is then multiplied to the retrieved Zernike defocus coefficients in order to obtain the residual defocus 
WaveFront Error (WFE) in nanometers. The goal for the SEs relative alignment in defocus is to keep them 
inside the GWS focus depth, leading to a defocus RMS equal to λ/28, corresponding to a residual WFE of 20 nm 
for the considered wavelength. Mechanically the focusing of a SE is performed acting on two headless screws, 
placed on the short side of a L-shaped support fixed to the SE rail, on the opposite side to the one holding the 
optical elements. These screws push on the mechanical stop of the T-arm, allowing the movement of the entire 
rail along the optical axis. When the measured defocus coefficient is close to 0, the rail is blocked in position 
with two blocking screws. 
 

 
Figure 10. Focusing and blocking screws. On the opposite side of  the T-arm there is another couple. Te two focusing screws act in 
opposite directions. 

 
 

7.   GWS performance test 
 
 After having successfully completed the alignment of the SEs in a static configuration, some test on the system as a 
whole have been performed to check that the blur values listed in the error budget were not underestimated and to 
measure the pupils stability during the bearing rotation. To perform the test all the SEs have been placed in a very inner 
radius in order to light them all together with the 10 cm beam of the interferometer and we watched at the 4 spots 
produced on the CCD by each SE for five different bearing rotation angle (-60°, -30°, 0°, +30°, +60°).  Of course, 
because  the GWS complexity, during the rotation several components play a significant role on the pupils position: 
 

· Pyramid vertex angle; 
· Pyramid faces orthogonality 
· SE relative tilt; 
· Pyramid orientation; 
· P-RI optical quality (a small fraction because we are using only a little part of the P-RI FoV. Here neglected.); 
· SE tilt due to support flexures (a fraction. Here considered 1/sqrt(2) because this term splits its action between 

the bearing rotation and the GWS inclination with respect to the ground); 
· SE tilt due to ring flexures (a fraction. Here considered 1/sqrt(2)); 
· SE tilt due to stage flexures (a fraction. Here considered 1/sqrt(2)); 

 
So the results of this test has to be compared with the root sum square of the listed items, as reported in the Error Budget 
(Section 5), which is 11.1 μm. After the complete bearing rotation we analyzed the position of a single spot (the same for 
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all the SEs) produced by each SE at the five bearing position to measure their shift. Figure 11 shows the movements of 
the spot re-imaged by each SE during a complete 120 degrees rotation of the bearing. 
 

 
Figure 11. Pupils movements on the test CCD for a complete 120° rotation of the GWS. No common mode subtracted. Test CCD X 
and Y axis are oriented in a way to reproduce a vertical orientation of the gravity vector when the bearing is in the 0° position. 
 
 The resulting RMS blur on the pupils, due to the detected shift, is 31.4 μm for a 120 degrees rotation of the bearing, 
which exceed by far the maximum tolerances that we decided to accept in the error budget. 
All the terms previously listed combine in an unknown way, so it’s very difficult to completely disentangle them. The 
first step (on the long way to understand if this was the real system performance or if it was affected by any problem) has 
been to subtract the common part of such a motion (which we call common mode), due to the bearing wobble and to the 
Pupil Re-Imager and CCD (the Test CCD, not the final one) flexures, which can be compensated moving the CCD on its 
plane, using a look-up table and fine-tuning. In Figure 12 are shown the relative movements of the spot re-imaged by 
each SE after the common mode subtraction.  
Now the result is consistent with our error budget, but repeating the test some SEs show a not-repeatable behaviour 
making the result variable and so not acceptable. The differential pupil shift can be due to mechanical problems which 
could be somehow solved once found out disentangling their effects from the overall pupils movements. So we did many 
test with the aim to isolate different contributions (linear and tip-tilt stages, flanges flexures, SEs differential behaviours 
etc.). Each of these conduce to a pupil shift and in addition we found an unexpected contribution (the one that caused the 
non-repeatability of the test result): in some SEs the lenses were sliding inside their barrel during the rotation. 
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Figure 12.  Pupils differential residual movements on the test CCD for a complete 120° rotation of the GWS, after the common mode 
subtraction. Test CCD X and Y axis are oriented in a way to reproduce a vertical orientation of the gravity vector when the bearing is 
in the 0°position. 
 
 To solve this problem has been decided to glue all the lens into their barrel to avoid any possible slide in the future. 
Obviously this has led us first to re-align internally all the SEs and then to start again the whole alignment procedure. 
After the lenses fixing the RMS of the spots differential movement was not reduced since, in some cases, the lens shift 
were somehow compensating the effect of the flexures. But at least now the result is repeatable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Pupils differential residual movements on the test CCD for a complete 120° rotation of the GWS, after the lenses gluing. 
Test CCD X and Y axis are oriented in a way to reproduce a vertical orientation of the gravity vector when the bearing is in the 
0°position. 
 
 Moreover, despite its capability to perform a 120 degrees rotation, the system is required to rotate for a maximum of 
60° during an observation, because of the limit in the fringes rotation in the interferometric focal plane. The best 60° 
range can then be selected, to reduce even more the residual differential movements of the pupils produced by the 12 
SEs, as shown in Figure 14. 
 

 
Figure 14. Pupils differential residual movements on the test CCD for a 60 degrees rotation of the GWS. Test CCD X and Y axis are 
oriented in a way to reproduce a vertical orientation of the gravity vector when the bearing is in the 0°position. 
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The result is compatible with the error budget so we can consider satisfying the pupils stability for the bearing rotation. 
After this test the system has been shipped to Heidelberg, where the flexures test has been performed to check the 
behaviour of the GWS when it is tilted with respect to the ground (situation that of course it will experience during its 
life at LBT). Unfortunately this test is still going on at the time of writing. 

  

8.   Optical or Numerical Layer Oriented approach? 
 The great number of degrees of freedom to take into account makes the alignment procedure very long and hard, but 
we have just seen that most of these are due to the need of keeping a very good optical pupil superposition. It is quite 
clear that if we could perform the pupils superposition not optically, but in a numerical way (i.e a computational 
superposition of the pupils from each SE), most of the tolerances would be much more relaxed. This technique, known as 
NUMerical Layer Oriented (NUM-LO) , foresees the use of as many wavefront sensors as reference stars, like in the star 
oriented case. The main problem of NUM-LO is that, together with the pupils light, also the read-out-noise is 
numerically co-added, leading to a degradation of the SNR, especially when using faint stars [9]. However, the fact that 
the RON of the last CCD generation is really close to 0 (L3 CCD) is pushing in the direction of using the NUM-LO 
approach, that will make easier and faster the alignment procedure of a layer oriented WFS. In such a system the need of 
placing the WFSs on different planes, because of the physical dimension of the CCD, would require the introduction of a 
small tilt mirror to fold the light toward the WFS. Furthermore each WFS should have its own collimator to re-image the 
pupils on its own detector. But the greater number of optical elements and CCDs foreseen for the NUM-LO approach  
with respect to the OPT-LO one would be compensated by the more relaxed alignment tolerances. In fact the only real 
alignment requirement is that the sum of each alignment error of the complete sub-system (SE, pyramid, collimator, 
folding mirror and CCD) doesn’t translate in a pupil shift exceeding the pupil edge - CCD edge margin, which in the 
GWS case is about 200 μm. Reminding that a typical alignment tolerance for the GWS is 1/10 of subaperture (~ 5 μm) it 
is clear that the NUM-LO approach would lead to a huge gain, at least in the alignment phase. By a pratical/economical 
point of view could be interesting to compare the difference in the system time alignment, estimated in FTE (Full Time 
Equivalent), with the cost of the additional elements (especially the CCDs) to perform the NUMLO. Five people took 
about 6 months to perform the complete internal alignment of the GWS, corresponding to a 2.5 FTE. A great part of this 
time, about 4 months, was spent to check the pupil stability during the bearing rotation and disentangling the effect on 
the pupils shift of the opto-mechanical elements one from each other, trying to keep the best pupils superposition. As 
said above this wouldn’t be a requirement in the NUMLO technique, which tolerates pupils shift much larger, so to a 
first approximation with such approach we could save about 3 months, i.e. 1.25 FTE. So now the question is: is more 
expensive a 1.25 FTE or 11 more CCDs?  
Of course the answer depends on the CCD cost, but it’s quite clear that nowadays the cost of a scientific CCD dominates 
by far the cost of a 1.25  FTE.  

 But nevertheless, when in the future a real choice must be made, this will be driven not only by economical factors but 
also by the gain in the system performance. With the NUM-LO approach all the terms in the error budget that translate in 
a pupil shift, and consequently in a bad superposition, would be very much loose (only to keep the pupils onto the CCD) 
and wouldn’t affect the pupil superposition, leading to a better Strehl Ratio of the instrument which would be very close 
to 1 in K band while in our system the actual estimation is 0.89 (in K band). So the drivers of the choice are: the 
scientific aim of the instrument (that’s to say: do I really need a gain of about 0.10 in Strehl Ratio for the purpose of my 
instrument?) versus the cost difference between the two possible instrument layout (optical and numerical co-add). For 
example for the purpose of  GWS (a low but uniform correction on a wide FoV)  a SR of 0.89 is enough while for an 
instrument designed for the planetary research a gain in SR of about 0.10 could justify the higher expense requested to 
perform the NUM-LO approach. 
 

9. CONCLUSIONS 
 

 The Ground layer Wavefront Sensor is a quite complex system, and the need to obtain a good optical pupils 
superposition makes its Assembly, Integration & Verification (AIV) very challenging. It has been completely aligned 
and verified, and it passed all the performed verifications in its static configuration. The subsystems have been integrated 
into the main mechanical structure, fixed to the rotating bearing, and each optical subsystem has been optically aligned to 
the mechanical references in the main structure (nominal focal plane and bearing rotation axis). A procedure for the 
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alignment has been wrote down, taking into account the requirements listed in Section 5. The compliance of the system 
performance to the expectations validates the procedure, which will be employed also for the second GWS alignment. 
Test on the system as a whole, including rotation, have been carried out showing an acceptable pupils stability during the 
bearing rotation and a failure has been fixed. Flexures test has been performed at the MPIA, in Heidelberg, tilting the 
whole GWS with respect to the ground to verify the pupils stability also in this configuration and if it conforms with the 
expectations but at the time of writing these data are not still available. Finally a very briefly and qualitative comparison 
between the optical layer oriented and the numerical layer oriented approaches in terms of  alignment tolerances has been 
carried out, showing a possible advantage for the NUMLO technique, but only using detectors with RON close to 0. So 
before thinking about the possible pros and cons of the two techniques, the state of the art of the detector technology 
must be checked. Then the real choice between the two possible approaches will be made looking at the scientific aim of 
the instrument, the overall cost and the man power required for the design and AIV phase in both possible instrument 
layout. The chosen layout should be the one that provide the best compromise between these elements.  
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