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ABSTRACT  

PLATO (Planetary Transits and Oscillations of stars) is a new space telescope selected by ESA to detect terrestrial 
exoplanets in nearby solar-type stars. The telescope is composed by 26 small telescopes to achieve a large instantaneous 
field of view. INAF-OAPD is directly involved in the optical design and in the definition and testing of the alignment 
strategy. A prototype of the Telescope Optical Unis (TOU) was assembled and integrated in warm condition (room 
temperature) and then the performance is tested in warm and cold temperature (-80C). The mechanical structure of the 
TOU is representative in terms of thermal expansion coefficient and Young's modulus with respect to the actual one. A 
dedicated GSE (Ground Support Equipment) is used to manipulate the lenses. By co-align an interferometer and a laser 
with respect to the center of the third CaF2 lens, a several observables references are used to define the position and tilt of 
the chief ray. The total procedure tolerances for every lens is 30'' in tilt, between 15-40 µm for focus and 22 µm for 
decentering and the total error budget of the optical setup bench is below this requirement. In this paper, we describe the 
AIV procedure and test performed on the prototype of the TOU in the INAF laboratory. 
 
Keywords: ESA Cosmic Vision, Planetary Transits and Oscillations of stars (PLATO), Telescope Optical Unit (TOU), 
Opto-Mechanical Prototyping, Assembly Integration and Verification (AIV), Exoplanets, Newton's Rings, Interferometric 
test 

1. INTRODUCTION  

PLATO (Planetary Transits and Oscillations of stars) is the Cosmic Vision Programme M3 mission selected by the Science 
Programme Committee (SPC) of ESA for launch in 2026. The main goal of the PLATO mission is to detect terrestrial 
exoplanets in the habitable zone of solar-type stars and to characterize their bulk properties. The payload concept is based 
on a multi-Camera approach1,2 involving a set of several Normal Cameras monitoring stars fainter than mV=8, plus a few 
Fast Cameras observing extremely bright stars with magnitudes brighter than mV=8. Each of the 26 Cameras include a 
Telescope Optical Unit (TOU), based on a fully dioptric design, working in an extended visible light range. It has been 
designed to be able to observe a very large field, with respect to a sufficient pupil diameter. INAF-OAPD is responsible 
for the realization of all the 26 TOU of PLATO, including the optical design, assembly and verification. INAF-OAPD is 
also in charge to define a strategy to demonstrate the feasibility of the optical alignment and deliver the procedure to the 
Italian Industrial Contractor (IIC). In this paper, we describe the alignment procedures and test performed on the prototype 
along with the main results. 
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2. PLATO SCIENCE 

PLATO planet finder is based on ultra-high precision photometry3 from space of a large number of stars, more than 400000 
stars brighter than mV =14, with long term scale of at least 5 years. The main objectives are: 

 Search for planetary transits in visible light for characterize the detected parameters of depth, duration, period, 
shape, and derive with high accuracy the physical parameters of the planets and their orbits (precision of 3% in 
radius, 10% in mass); 

 Detect the oscillation modes, frequencies, amplitude, lifetime and internal structure of the stars that host planets 
(precision of 10% in stellar ages); 

 Identify bright targets (mV = 4–11 mag) for atmospheric spectroscopy with other facilities; 

 Create a catalogue between 300,000 and 1,000,000 high precision stellar light curves. 

The actual structure and mass distributions of exoplanets systems is completely different from the well know 
distribution of the solar system bodies. In Figure 1 is shown the position of the habitable zone (green) of the all know 
planets detected by different techniques. The diagram shows the necessity of a new huge survey to identify 
architectures and composition of a large sample of system, since the scientists only know either their radius through 
transit observations (red dots) or their mass through radial velocity measurements (blue dots). PLATO works to cover 
this gap. The sensitivity of PLATO will also allow detecting rings and moons of exoplanets. 

 

 

Figure 1. Super-Earth exoplanets (1 < MPlanet ≤ 10 MEarth or RPlanet ≤ 2 REarth) for different host star masses in comparison with the 
position of the habitable zone (green), detected with different methods. Credit: DLR - H. Rauer 4 

 

To do this, the sky coverage of PLATO achieves the 40% of the whole sky4 by two different strategy for the (∼2,750 deg2) 
PLATO FOV, plotted on Video 1, Figure 2: 

 Long-Duration Observation Phase of at least two years (LOP), divided on Southern Plato Field (SPF) and 
Northern Plato Field (NPF); 

 Step-and-stare Observation Phase (SOP); 

The Long-Duration Observation Phase is required for the detection of planets with periods long enough to orbit in the 
habitable zone of solar-type stars. The Step-and-stare Observation Phase is intended to include repointing of the spacecraft 
to observe more transits of long-period Earth-like planets detected in the Long-Duration Observation Phase of large 
numbers of targets in different areas of the sky. The LOP will be observe one field for up to 4 years, and the SOP duration 
is between 2 and 5 months. 
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Video 1, Figure 2. Aitoff projection of the two preliminary Long-Duration fields (SPF, NPF) and ten step-and-stare fields (STEP01–
STEP10), all centred at |b| = 30°, in the Galactic reference frame. The red line is the Long-Duration pointing requirement limit at |β| = 
63°. The Long-Duration fields are color-coded on an inverted scale 4. The video is representative of the mission profile and show the 
sequence of the Long-Duration fields. http://dx.doi.org/10.1117/12.2314122.1 

3. PLATO CONCEPT: AN ARRAY OF SMALL TELESCOPES

The instrument concept is based on a multi-telescope approach, see Figure 3 (left), involving a set of 24 “normal” cameras 
working at a cadence of 25s and monitoring stars fainter than V=8, plus two “fast” cameras working at a cadence of 2.5s, 
and observing stars in the V range from 4 to 8. A camera includes a Telescope Optical Unit (TOU), a Focal Plane Assembly 
(FPA), which supports four CCD detectors, the Front End Electronics (FEE) box, the FEE Support Structure (FSS), and 
related thermal equipment.  

Figure 3. Left: spacecraft configuration proposed by the company OHB System AG, with Payload Module and Service Module 
separated. Center: the overlapping line-of-sight for each group of six cameras. Right: the resulting field-of-view of the all Telescope 
Optical Units with the overlapping zones 4. 

The TOU is a fully dioptric telescope with six lenses. Each camera is equipped with its own, passively cooled FPA, 
comprised of 4 CCDs with 4510 × 4510 pixels2 each, working in full frame mode for the “normal” cameras, and in frame 
transfer mode for the “fast” cameras. In Figure 3 (right), the 1037 deg2 effective field-of-view for the “normal” cameras 
and 619 deg2 field of view for each of the two “fast” cameras are shown. Besides providing star brightness measurements 
for bright stars, the “fast” cameras also work as fine guidance sensors for the attitude control system of the Spacecraft. In 
addiction, they allow measurements of stars in two spectral bands. For this purpose, one of the “fast” cameras is equipped 
with a blue band pass filter, the other with a red one. The 24 “normal” cameras are arranged in four groups of six cameras 
(Figure 3). All six cameras of each group have exactly the same field-of-view. However, the lines of sight of the four 
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groups are offset by an angle of 9.2° from the Payload Module Z axis, Figure 3 (center). This particular configuration 
allows us to surveying a total field of about 2232 deg2 per pointing, with various parts of the field monitored by 24, 18, 12 
or 6 cameras. This strategy optimizes both the number of targets observed at a given noise level and their brightness. The 
satellite will be rotated around the mean line of sight by 90° every 3 months, resulting in a continuous survey of exactly 
the same region of the sky.  

4. TELESCOPE OPTICAL UNIT

There is no difference in the TOU optical design5 for normal and fast telescopes, but the latter will include coating filters 
on the optical surface. An optical window, placed at the entrance of the telescope, provides protection against radiation 
and thermal shocks. The first surface of the first lens contains aspherical terms (K, a4, a6), while the second surface is flat 
in order to facilitate the interferometric surface measure during the aspheric manufacturing. All the other lenses are 
standard spherical surfaces. The first surface of the third lens is the optical system stop and guarantees a real entrance pupil 
diameter of 120 mm. This configuration provides a corrected field-of-view up to 18.9° accepting slightly degraded image 
quality, as well as a ~14% vignetting, in this small region at the edge of the field. A layout of the design is shown in Video 
2, Figure 4 and the general performance and parameters of the baseline optical configuration are summarized in Table 1.  

Video 2, Figure 4. Left: optical path of the TOU Prototype, L3 is a convex CaF2 lens, the reference for the alignment of the TOU. Right: 
the 3D model of the mechanical structure. This video show the assembly of the lenses inside the telescope tube and the final TOU 3-D 
model. http://dx.doi.org/10.1117/12.2314122.2  

Summary table of the TOU 

Spectral range: 500 – 1000 nm Maximum Vignetting (FOV edge): 13.55% 

Entrance Pupil Diameter: 120 mm Plate scale: 15 arcsec/pixel 

Effective Focal Length: 247.533 mm @ 700 nm Pixel size: 18 micron 

Working F/#: 2.058 @ 700 nm CCD format: 4510x4510 (x4) pixel2 

TOU optical FoV radius: 18.8876 deg FPA size: 164.776 mm 

CAMERA effective FoV area: 1042 deg2 Optical elements weight: 5420 g 

Image quality criterion:  
1 x 1 px2 < 90% Enclosed energy < 2×2 px2 

Nominal Working Temperature: -80°C 

Maximum Field Distortion (FOV edge): 3.89% Nominal Working Pressure: 0 atm 

Table 1. Design parameters of the TOU. 
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The temperature gradients along the TOU shall be limited to a few Kelvin to guarantee the necessary optical performance. 
Due to the stringent mass requirement only very limited thermal hardware can be implemented, and therefore the heat 
dissipated in the focal plane assembly is removed through the mechanical structure and radiated by the baffle into deep 
space. Since the integration is carried out at room temperature (25°C), while the TOU will be operated at about -80°C, the 
design must allow the compensation of the thermal stress between the different materials used inside TOU and between 
the TOU units and the optical bench. Low density and high stiffness materials are necessary to cope with the launch 
environment and limited mass budget. 

The prototype optics consist in a set of six lenses with different radii of curvature and materials as close as possible to the 
final design. The prototype mechanical structure is equivalent to the TOU final structure in terms of thermal behavior; it 
mimics the relative movements of the lenses when going from “warm” to “cold” conditions. The purpose of such a 
prototype is to perform the final alignment procedure and test the on-axis and off-axis optical performance of the system. 
There is also the requirement to characterize the time needed to perform the full AIV. The tests done both in warm (25 °C) 
and cold (-80 °C) conditions, start from a simulation of the optical performances at test temperature that involves also all 
mechanical structures, washers and bolts included. 

5. GENERAL STRATEGY OF THE ALIGNMENT

5.1 Definition of the observables 

We identify as observables the features created by the reflected and transmitted incident wavefront of an on-axis laser 
beam (Figure 5). The initial plane wavefront encounters the first lens surface (1) and is reflected (a in blue) and transmitted 
(b in green). The wavefront is curved both from the geometry of the first surface and from the index of refraction. Airy’s 
spot is generated in point A and B by the emerging wavefront a” and b’. Far away the back reflected wavefront a and b 
creates interference pattern, the Newton’s rings, where the relationship of constructive interference is achieved by reflected 
wavefront a’ and b’. In Figure 5 right, the line profile at the center of Newton’s Rings6 and Airy spot is plotted.  

Figure 5. Top: laser light back reflected from the lens surface 1 and 2 creates an interference pattern, the Newton’s Rings. Bottom: near 
the point A and B the wavefront converges and create an Airy spot. Right: plot of the central lines profiles of the resulting intensity 
maps. 

We use this interference shapes to define the optical axis of the third (L3) lens7, which is the reference for the alignment 
in tip-tilt, decenter (x-y) and focus (z) of the other lenses. The same interference shapes are used for align the others lenses. 
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We use a laser beam to realize the geometry of Figure 5. Moving the beam in decenter and tilt, we assume that the ray 
passes thought the vertex of the lens, when the Newton’s Rings line profile becomes symmetrical (see Figure 9). The 
reference observables on L3 are: 

 the center of the principal Newton’s ring: this defines the tip-tilt of the laser ray respect to the vertexes of the lens;

 the symmetry, in term of intensity, of the maxima and minima on the Newton’s rings: this defines the decenter of
the laser ray respect to the center of the lens.

We developed algorithms to determine precise x-y decenter and tip-tilt measurements, accurate enough to match the design 
tolerances. Now the laser materializes the optical axis, and becomes our new reference for other lenses  

5.2 Opto-mechanical reference and chief ray path 

In this section, we describe the setup used for the alignment. In an optical bench, we installed an interferometer, a laser 
beam system, the GSE, two motorized translation stages, a Coordinate Measuring Machine (CMM).  

Figure 6. Diagram of the optical bench to perform the alignment. FM2 folding mirror is insert to select light coming from the laser 
or from the interferometer. 

One part of the optical bench (Figure 6 and Figure 7) hosts the laser system and the interferometer. The laser is a 633 nm 
He-Ne tube and its mount is monitored in displacement with two dial gauges of 2 µm accuracy. Its ray passes through a 
spatial filter and beam expander to homogenize the intensity profile and reduce the divergence of the beam. An iris selects 
a beam of collimated light of 1 mm in diameter. A pellicle beam splitter (PBS) reflects the ray toward a corner cube mirror 
and images it on the CCD-1. This realizes a reference position of the laser before the illumination of the GSE. We have 
placed different temperature sensors PT-100 for monitoring the thermal stability of the bench.  

In parallel, an interferometer is mounted, co-aligned respect the laser path. Its 22 mm beam illuminates the GSE in common 
path with the laser by a folding mirror (FM2). FM2 is mounted in a precision motorized translation stage, to select the 
laser or the interferometer. The role of the interferometer is to perform double pass optical test to evaluate the precise 
position of a reference spherical mirror (SM1) positioned in another motorized translation stage below the lenses. By 
minimizing the defocus term, the focal position of L3 is characterized with accuracy below 5 µm. With this system we 
have evaluate the stability on Z-axis of the GSE in several thermal condition and days. We estimate the slope and direction 
of the thermal expansion on Z-axis to be 21 µm/°C, over two weeks of measurements. From this value, we have a constraint 
of one-degree C in the thermal control of the optical laboratory to improve the stability of the TOU.  
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Figure 7. Image of the optical bench and of the GSE (Ground Support Equipment) in the center. The laser ray coming from the 
right, an interferometer is co-aligned with the laser ray. By moving the FM2 folding mirror, mounted in a precise translation stage, 
the GSE catches the light from the laser or from the interferometer. 

Each lens is glued to an ad hoc frame, and then mounted into a tube through screws and washers. The GSE, Video 3, Figure 
8, is used to place the lenses inside the tube and to align each lens in tip-tilt, decenter (x-y) and focus (z) with respect to 
the other lenses. The lenses in Video 2, Figure 4 were inserted from the top of the GSE in L3-L4-L2-L1-L5-L6 order, done 
with a rotation of the TOU inside the GSE; this is the best choice to minimize the range of the reference for the focus, 
positioned under the TOU. The top of the GSE is composed by a small optical bench with two CCDs (CCD-2 and CCD-
3), a beam-splitter (BS), a removable mirror (M5) and a folding mirror (FM3) on a linear stage. The laser ray hits the 
movable folding mirror (FM3) and is reflected to be perpendicular to the central lens. In the lower part of the GSE there is 
a linear stage hosting a reference for the focusing measurement, the CCD-4 or the spherical reference mirror SM1.  

5.3 Procedure of the alignment 

We start inserting L3 lens in the TOU using the GSE manipulator. The lens is mounted in the mechanical center of the 
tube mount with an accuracy of 50 µm. We identify and measure the laser observables presented in sub-section 5.1. To 
find best laser ray position passing though the center of the lens, we capture two images: one with the lens in the optical 
path, and another with the lens rotated of 90 degree, so that the beam does not encounter the lens. On the CCD-4 we take 
images and compute centroids of the Airy’s spot (with lens in optical path) and of the laser spot (without lens in optical 
path). We move the laser in decenter to minimizing the displacement of this spots, finishing when the distance of the 
centroids is below 7 µm (from tolerance analysis).  

For the tilt we define, with the Corner Cube, a reference position in the CCD-1 of the laser beam before illuminating the 
GSE. M5 is placed to back reflect the laser, M5 is tilted to minimizing the centroid position with respect to the previous 
one captured on CCD-1. 

Proc. of SPIE Vol. 10698  106984A-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Setup beach

Alarúpulator for

Ilenses alió lmeut

CCD3 (for focus c

L3 observables Newton's Rings
laser ray references

rater of ri ras

11

1

... `r,t- ..

ht v
Ñ Intensity symmetry y1/4

Net decenter M
ION oro

Iwl

(a)

]]W

(b)

Video 3, Figure 8. Left: rendering of the Ground Support Equipment (GSE). Right: the GSE mounted and aligned. The video show the 
operation to insert and manipulate each lens inside the GSE. http://dx.doi.org/10.1117/12.2314122.3

The result is a reference on CCD-2. When the M5 mirror is removed, the Newton’s rings from L3 are materialized in the 
CCD-2. Because in the first step the laser does not pass exactly through the lens vertex, the line profile is not symmetrical. 
Laser tilt is changed by the FM3 to symmetrize the intensity of the Newton’s rings profile: we stop when the intensity is 
symmetric. Maximum tilt achieved with respect to the reference axis is 10 arc seconds. Then we iterate the decenter and 
tilt procedure for the laser until their are below the design tolerance of L3 lens. In Figure 9 we show: (a) the references for 
tip-tilt and decenter, (b) the steps to reach the reference laser ray arrangement in tip-tilt and decenter respect the L3 lens.

Figure 9. (a) The L3 observables defines the reference for tip-tilt and decenter. (b) The loop of procedure to align the laser with 
respect to L3 tip-tilt, red spot is the reference position of the laser ray for every step. We finish the iteration from decenter and tilt 
when the tip-tilt and decenter is below the optical design tolerance. 

The align procedure continues with the insertion of the others lenses using previous references. We use the same 
observables for x-y and tip-tilt, with maximum accepted discrepancies of 10 µm in decenter and 2 arc seconds (20 µm 
displacement) in tip-tilt. 

The nominal focus position of the lenses is provided by model, and each lens is located along Z-position to match the 
nominal focus in its configuration. The initial strategy for focus foresees the use of the interferometer: we place a spherical 
reference mirror below the lens, at the correct position to perform double pass interferometric test. The spherical reference 
mirror was mount on an Aerotech® PRO165SL translation stage, with a travel range of 150 mm, standard accuracy of ±6 
µm, bidirectional repeatability of ±0.5 µm, and low pitch-roll-yaw of 6 arc seconds. To measure the tip-tilt of the 
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Aerotech® translation stage and to calculate the value of shims, we take several images by step of 10 mm over the full 
translation range. The results of the first measurements without shims is shown in Figure 10. The Aerotech® was shimmed 
and the translation axis becomes parallel to the L3 axis. We evaluate the interferometry precision of Z-position of 5 µm 
and detect that the absolute position is temperature depend. 

 

Figure 10. Tip-tilt measurement of the translation stage with respect to L3. Left: fitting of the centroids position in X an Y CCD-4 
axis, with and without L3. Center: 3D dislocation of the two rays. Right: the Aerotech® PRO165SL translation stage. 

Even if the single measure of the interferometer is very precise, we found that the error on z-position propagates toward 
lenses, due to manufacturing tolerances on lenses curvature radius. For this reason, a second strategy was applied: a CMM 
(Space Plus Arm 1800 from Tomelleri s.r.l.) was used to locate the vertex of the lenses at the nominal position, see in 
Figure 11 (c). The accuracy of this CMM (certified with a precision of ± 20 μm on a single point measure) is smaller than 
the interferometric test, but the position is temperature compensated and is not sensible to curvature errors. To reduce 
differential movements of the CMM with respect to the TOU, references points are taken on the optical bench and on the 
prototype structure.  

At this point, the lens is in nominal position but not locked into the TOU mount. With the same CMM machine we 
determine the shims thickness, then the lens is removed, the shims were inserted and the lens is finally mounted on the 
TOU.  

To close the lens mount into the TOU mount an elongation tool is used to avoid torsional stress of the screws and washers 
during fixing procedure. During this fixing operation, the lens is monitored in tip-tilt and decenter. 

 

Figure 11. Mechanical tools for the alignment. (a) Image of the elongation tools inserted over the screw assy. (b) The elongation 
tool operation. (c) Coordinate Measuring Machine (CMM) used to evaluate Z-position of the lenses. 
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Every movements were characterized with several sensitivity tests to evaluate the accuracy of the method. For decentering 
the sensitivity of the uniformity of the Newton’s Rings was from 15 to 50 µm. To increase the centering accuracy we use 
also the Airy’s spot located after the lens, achieving 10 µm on sensitivity; the accuracy of the tilt procedure is ± 10 arc 
seconds. For each lens, we develop a custom algorithm to measure the centre of the Newton’s Rings, because each lens 
show different shapes of the interference pattern shown in Figure 12. We evaluate the error budget for every lens to estimate 
the final accuracy of the procedure. 

 
 

Figure 12. Top: mosaic of images taken on CCD-2 from back reflected light for each lens, is the tip-tilt reference. Bottom: mosaic of 
images taken on CCD-4 from the transmitted beam for each lens, is the decenter reference. 

 

 

6. RESULTS OF THE ALIGNMENT 

The results are showed in Table 1: the focal position of L1 and decentre and focus of L2 are marginally out of tolerance, 
but this does not have an impact on the overall performance. 

 

 

Lens Decenter Tilt Focus 

 Tolerances Results Tolerances Results Tolerances Results 

L1 ± 22 µm ~ 4 ± 15 µm ± 44 arc sec ~ 16 ± 10 arc sec ± 15 µm ~ 17 ± 15 µm 

L2 ± 22 µm ~ 17 ± 15 µm ± 44 arc sec ~ 7 ± 10 arc sec ± 30 µm ~27 ± 15 µm 

L3 ± 22 µm ~ 15 ± 15 µm ± 44 arc sec ~ 10 ± 10 arc sec ± 40 µm 0 ± 15 µm 

L4 ± 22 µm ~ 5 ± 8 µm ± 44 arc sec ~ 30 ± 10 arc sec ± 20 µm ~ 5 ± 15 µm 

L5 ± 22 µm ~ 2 ± 8 µm ± 44 arc sec ~ 10 ± 10 arc sec ± 20 µm ~ 10 ± 15 µm 

L6 ± 42 µm ~ 23 ± 8 µm ± 44 arc sec ~ 21 ± 10 arc sec ± 20 µm ~ 13 ± 15 µm 

 

Table 2. Summary of the optical tolerance and results for the alignment. 
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7. OPTICAL TESTING AND PERFORMANCE 

 
Figure 13. Left: an image of the analysis of the Hartman test mask7. Right: the cold test setup performed in Leonardo facilities on 2018. 

The optical system was tested in warm and cold conditions to verify the optical accuracy. We have explored the all field 
of view in four inclination angle, 0°, 5.6°, 11.6° and 16.7°, also with three rotations of the TOU around it optical axis. We 
measured the Ensquared Energy (EE) by the Hartmann test6, using a mask of 76 holes over the full aperture. Direct images 
of PSF are used to perform an alternative value of the EE and to determine the focal plane position. An interferometer has 
been used to determine the overall aberrations by selecting the full aperture or smaller aperture. Figure 14 shows the result 
plot of the semi-width of the square enclosing the 90% of the energy at focal plane, as a function of the off-axis angle, 
coming from the Hartmann test. Different colors refer to three orientations of the TOU along the optical axis. We over plot 
worst, best and nominal curves from raytracing simulations (at 296 °K). We are near the nominal expectation with a small 
deviation on the boundary of the full field.   

 
Figure 14. Semi-with of the 90% square enclosing energy. 
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Figure 15. 2-D representation of the results of the Ensquared Energy by the Hartmann test on the pupil plane, the off-axis angle is in the 
radial coordinate and orientation of TOU is in polar coordinate, follow the text to explanation of the color codes. 

In Figure 15, we show a 2-D representation of results of the Ensquared Energy by the Hartmann test, with the off-axis 
angle in the radial coordinate and the orientation of TOU in polar coordinate. The grey "square ring" is the area between 
the best and worst results coming from ray-tracing simulations at 296 °K. Red squares are the measured values. When red 
squares are enclosed in the grey area, data are in according with nominal results. Table 3 shows the results of the 
interferometric tests performed in warm condition. The values are compared with a Monte-Carlo simulation varying the 
parameter of the alignment within the accuracy of the alignment.  

 

TOU angle of view Spher (λ) Coma (λ) Astigm. (λ) Overall PTV (λ) Overall RMS (λ) 

0° Measured Warm 0.10 0.44 0.07 1.16 0.21 

0° Sim. worst case Warm 0.18 0.09 0.49 1.27 0.48 

0° Sim. best case Warm 0.07 0,00 0.01 0.27 0.12 

-5.6° Measured Warm 0.12 0.46 0.28 1.35 0.23 

-5.6° Sim. worst case Warm  0.19 0.16 0.68 1.72 0.37 

-5.6° Sim. best case Warm 0.07 0.01 0.01 0.42 0.07 

-11.2° Measured Warm 0.14 0.41 0.64 2.01 0.31 

-11.2° Sim. worst case Warm 0.09 0.35 1.25 3.28 0.65 

-11.2° Sim. best case Warm 0.00 0.14 0.17 1.22 0.29 

-16.7° Measured Warm -0.08 1.02 1.23 3.74 0.56 

-16.7° Sim. worst case Warm 0.28 0.63 2.61 3.93 1.71 

-16.7° Sim. best case Warm 0.18 0.38 0.93 6.48 0.80 

 

Table 3. Comparison between warm interferometric test and values derived by a Monte-Carlo simulation varying the parameters 
of alignment and determining the worst and best case. A round mask with 82 mm in diameter is used, this guarantees that all 
interferograms have best fringes sets to evaluate Zernike coefficients. 
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8. CONCLUSIONS 

We demonstrated that there is, at least, one procedure that allows aligning the lenses within the tolerances defined by the 
project. Cold tests may validate the warm alignment goal, since a few uncertainties on warm thermal gradient may affect 
the test results. The alignment procedure has been tuned both to match the required tolerances and to overcome unexpected 
optical problems. The overall alignment time is estimated to last 5 days, to respect the industry pipeline and to improve 
thermic stability of the system. The lessons learned on the alignment setup and GSEs allowed to improve them (stability, 
sensitivity to temperature) and, in this sense, gave a valuable result for the industrialization process. Cold test analysis is 
still on going and is not shown in this paper. 

 

 

Figure 16. The prototype aligned, the red labels show the lens position inside the optical mount. 
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