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ABSTRACT 

PLATO (PLAnetary Transits and Oscillation of stars) is the ESA M-size mission aimed to the discovery of exo-planets 
hosted by bright, nearby stars. The launch of PLATO spaceship is scheduled for 2026. It will orbit Sun-Earth L2 for 4 
years, looking towards deep space and covering a wide (2132 deg 2 total) area of space. To do so, PLATO will use 26 
fully dioptric designed cameras, each composed of a telescope optical unit (TOU) and a focal plane array (FPA). For 
manufacturing purposes, the FPA will be assembled at ambient temperature, although the best image plane (BIP) of the 
TOU  will  be  determined  during  test  at  cryo-vacuum  conditions  (-80°C).  This  poses  a  metrology  challenge  at  TOU 
manufacturing and testing and at FPA integration facilities. To this extent, the procedures for the precise characterization 
and localization of the BIP during TOU tests are presented. In order to circumvent the thermal effects of contraction of 
the  fixture,  which  in  part  operate  at  ambient  and  in  part  are  cooled  at  -80°C  (operation  temperature),  the  final 
measurement will be derived by the repeated assessment of the coordinates of a set of fiducials at ambient and operation 
temperature.  Compliance  with  a  strict  error  budget  is  achieved  by  using  a  combination  of  sensors  (confocal,  focus-
variation), mounted on very precise and repeatable hexapods. Hartmann masks are also used to co-register the position 
and orientation of mounting of the FPA between facilities.   

Keywords: PLATO, asteroseismology, focal plane array, metrology  

1. INTRODUCTION

The PLATO payload concept is based on a multi-camera approach involving a set of 26 cameras observing extremely 
bright  stars  for  fine  guidance  [1-4].  Each  Camera  is  composed  by  the  Telescope  Optical  Unit  (TOU),  the  front  end 
electronics, the thermal hardware, and a CCD array, the Focal Plane Array (FPA), with 64 Mpixel size. 

The  TOU  concept  [5,6]  is  based  on  a  fully  refractive  optical  system,  developed  by  Istituto  Nazionale  di  Astrofisica 
(INAF Padova, IT) after an accurate system trade-off, feasibility and prototyping studies, with one aspherical surface and 
five fully centered spherical lenses. The TOU is designed to operate at a range of cryogenic temperatures (-90°C to -
70°C).  Inside  the  PLATO  Consortium,  Leonardo  Company,  leading  an  Italian  industrial  team,  is  contributing  to  the 
PLATO  program  for  the  manufacturing  and  testing  the  26  TOUs  [5].  The  testing  includes  the  precise  metrological 
characterization of the focal plane location, the  Best Image Plane (BIP), at operational environment (i.e. high vacuum 
and cold), with an accuracy goal of ± 20 μm [7,8]. The metrology data is later used by the consortium for coupling the 
FPA to the TOU. 

For each camera, the integration of the FPA on the TOU interfaces (i.e. “bolting interfaces”) is carried out at ambient 
temperature, while the BIP, which depends on the TOU characteristics, is identified simulating operational condition of 
temperature (around -80°C) and pressure (<3x10 -7 bar). To do so, each TOU performance test is carried out in a thermal 
vacuum chamber (TVC). A service detector that is notably much smaller area (32 mm 2, 0.39Mpixel) than the final FPA 
is  used.  To  cover  a  sensing  volume  that  can  be  representative  for  the  FPA  integration,  the  BIP  is  estimated  by 
minimizing  the  ensquared  energy  fraction  of  a  collimated  source  while  moving  a  smaller  service  detector,  which  is 
mounted on a hexapod, in order to intercept the focusing spot of the TOU at each field of view (FOV) explored. FOVs in 
the range of up to 37.7 ° from one another are simulating by rotating the TOU with a gimbal with respect to the  input 
beam, resulting in a range of translation for the service detector up to 163 mm.  

This  generates  the  need  to  refer  the  coordinates  of  the  hexapod  at  which  the  detector  is  located  for  each  FOV  to  a 
properly defined mechanical reference frame of the TOU that can be assessed during performance tests (i.e. at operative 
temperature  = -80°C and in high vacuum) and during the integration of the FPA (at ambient conditions). Verification  
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of correct alignment is possible also by recording, in the location of the BIP but at ambient, the out-of-focus images of a 
Hartmann masks,  which represents a sort of fingerprint of the BIP at ambient condition. In the following sections, an 
introduction to the test setup is given, with particular focus on the metrological aspects that allow referring the locations 
of the detector in the hexapod/gimbal space to the mechanical reference of the TOU. The BIP coordinates of a model of a 
TOU  are  reported,  as  well  as  the  fingerprint  with  the  Hartmann  mask  images,  and  the  compliance  with  a  strict  error 
budget is shown.  

2. METHODS

2.1 Description of the test setup 

The demanding optical performance are tested by Leonardo with a sophisticated test setup. The test setup is composed of 
two main parts, or ground support equipment (GSE). A thermo-vacuum chamber (TVC; Criotec, IT) hosts the TOU and 
the thermal GSE (TGSE). An optical GSE (OGSE) collimator projects the test beam from outside the TVC. The OGSE 
collimator (focal length 1665 mm, f# 11) is used to expand the light from an EQ-99X-FC light source (Excelitas, USA), 
frequency filtered in the range 500-1000 nm and then spatially filtered by a 10 um pinhole, into a 140 mm wide beam 
that  enters  through  the  TVC  window  and  is  pointed  towards  the  pupil  of  the  TOU.  Fine  alignment  of  the  OGSE 
collimator and the TOU pupil is accomplished by having the former mounted on a first positioner system (hexapod) with 
6 degrees of freedom (d.o.f.) provided by Symétrie (FR).  

Inside the TVC, a second, high-vacuum compatible, gimbal (2 d.o.f.) plus hexapod (6 d.o.f.) robotic positioner system 
(Symétrie, FR) hosts the service detector assembly and TOU. This positioner system is used to either orient the TOU 
with respect to the test beam (Azimuth-Elevation control), and to move the service detector, which due to the small size 
compared with the final FPA to be mounted, has to be moved to explore the FOVs in order to assess the BIP.  

Figure 1 Schematics representation of the PLATO TOU test setup. 

In Figure 1, the following components of the test setup are represented: thermo-vacuum chamber (TVC); optical ground 
support  equipment  (OGSE  collimator);  PLATO  telescope  optical  unit  (TOU).  The  TOU  plus  the  service  detector 
assembly  and  the  hexapod,  which  control  the  location  of  the  service  detector  and  its  assembly,  can  be  rotated  with 
respect to the test beam (in yellow in the figure) by the gimbal. A inside the TVC. 

A  service  detector  (9  um  pixel  pitch,  approximately  6.9  mm  x  4.8  mm  active  area,  supplied  by  Moravian,  CZ)  is 
mounted, along with three confocal sensors (IFS 2406, Micro Epsilon,  DE), on a fixture made of invar. The resulting 
system, termed the service detector assembly (DA, see Figure 2), is integrated into the hexapod system and, in particular, 
it is integral to the platform of the hexapod. This way, the platform of the hexapod can be used to scan with 6 d.o.f. the 
region of space where the TOU optical performances are to be tested. The repeatability of the positioning is 2 um on the 

 and  axis and 1 um on the  axis. 

The TGSE performs adiabatic containment of the TOU and allows achieving operation temperature of the TOU while 
the positioner and the detector assembly are maintained at ambient temperature. 
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Figure 2 The service detector assembly. In red, the detector active area and the beams of the three confocal sensors. 

The three confocal distance sensors that are integral to the DA allow placing the sensitive area of the serviced detector 
with great precision (± 0.75 um) in the premises of the sixth and last lens of the TOU. The telemetry of the sensors is in 
fact  used  to  refer  the  location  of  the  SD  during  performance  measurements  to  the  TOU  mechanical  reference  frame 
(MRF). The MRF is defined by centers of the three bolting interfaces of the detector onto the TOU tube, which are the 
MRF fiducials in space. Since the MRF fiducial points are not accessible during tests due to mechanical interference to 
the  confocal  sensors  of  the  DA,  three  gauges,  i.e.  metal  shafts  made  of  invar,  nominal  length  64.7  mm,  are  used  to 
transfer the fiducials onto an accessible plane. On that plane, each gauge displays a sharp discontinuity, i.e. a disk of 
extruding material with sharp angles, that the confocal can detect when they are driven across it by a jagged trajectory 
with the hexapod (a procedure termed “Metrology Mode 2” or M2), as shown in Figure 3.  

Figure 3 (A) invar gauge (red) and its relevant dimensions, (B) sample of trajectory of the confocal in the hexapod space 
with discontinuity points detected as sharp changes in the distance reading from “far” to “near”. The discontinuity 
points in 3D space can be fit with a 3D circle to precisely locate the center. 

By detecting the discontinuity along the trajectory as the transition points of the continuous telemetry of the confocal 
sensors, and fitting those points  with circles, the centers of the surface of the gauges can be used as landmarks. Said 
landmarks are in a fixed and measurable (for instance, by means of a coordinates measuring machine, CMM, during their 
integration on the TOU) spatial relation with the MRF fiducials (Figure 4). Deformations introduced by cooling down 
the TOU can be also estimated by knowing the coefficient of thermal expansion of the material (they are made of invar). 
The coefficient for the material used, averaged from ambient to operation temperature, is 1.35x10-6 mm/mm°K. 
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2.2 Calibration and effects of temperature and vacuum setpoints 

The calibration of the service detector assembly is carried out at ambient temperature and pressure conditions. The scope 
of the calibration is to align the service detector active area with respect to the axes of translation of the hexapod, and to 
know  the  distance  of  the  active  area  with  respect  to  the  origins  of  the  confocal  sensors. Through  this  procedure  it  is 
possible  to  describe  the  position  of  the  MRF  fiducials  (i.e.  the  gauges)  read  by  the  confocal  sensors  during  the  M2 
procedure with respect to the CCD. 

To do so, an optical relay, i.e. a 1:1 magnification optics with known distance between the conjugate planes and made by 
two identical, inverted lens triplets is used to image a 300 um pinhole deposited on a silica glass slab that is illuminated 
by a green 530 ± 10 nm LED source. The position of the hexapod that brings the image of the pinhole at sharpest focus 
on the service detector marks the location at which the pinhole is at a known distance from the SD, equal to the distance 
between the conjugate planes. Once removed, a 4 mm and a 5 mm edges of a circle that is concentric with the pinhole 
(distance between centers < 1 um) are scanned through a M2 procedure and the edges are found based on the reflected 
intensity from all the confocal sensor separately. Through this procedure, the relative distance between the origins of the 
confocal sensors and the service detector are known and calibrated.  

By operating the M2 at different positions of the hexapod and always on the same target, the alignment of the hexapod 
axes with respect of the confocal is also assessed as a check.  

During their integration, the discontinuities on the gauges are also measured with a CMM to know the positions of their 
centers (i.e. landmarks) with respect to the bolting interfaces of the focal plane array that identify the MRF. 

Figure 4 Gauges (in red) integrated onto the TOU structure. The landmark targeted by the confocal sensors 
and by the CMM is the 10 mm diameter disk that appear on their top exposed flat surface. 

Since  the  hexapod  and  service  detector  assembly  operated  at  ambient  temperature  ( ),  thermal  effects  are  not 

considered.  However,  the  coefficient  of  thermal  expansion  of  invar, ,  is  taken  into  account  for  computing  the 

shrinkage  of  each  of  the  gauges  along  the  direction   when  the  TOU  reaches  operational  temperature  ( ),  as 
measured by a PT100 resistance thermometer, using the following expression: 

(1) 

The change of index of refraction of the medium inside the TVC passing from ambient pressure to high vacuum affects 
the scale of the confocal sensors. It affects the reading of the distance from the confocal sensor, which seems closer to 
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the sensor itself. The measured magnitude of the effect is taken into account by adding this value to the reading of all the 
confocal sensors when performing the M2 procedures. 

2.3 Procustes analysis and accuracy budget 

The  coordinates  of  the  gauges  can  be  precisely  measured  by  means  of  M2  procedures  and  are  known  in  either  the 
detector  sensitive  area  (from  calibration  of  the  detector  assembly)  and  the  TOU  mechanical  (from  metrological 
assessment with CMM) reference frames.  

The  active  area  of  the  detector  can  be  mapped  onto  the  MRF  by  aligning  the  hexapod  axes  with  it  by  means  of  an 
Euclidean coordinate transform (6 d.o.f.: 3 translations and 3 rotations around the coordinates axes). The procedure of 
estimating  the  best  transform  given  two  sets  of  fiducials’  coordinates  is  an  instance  of  Procustes  analysis  or,  more 
specifically,  an  orthogonal  Procustes  problem.  One  way  to  solve  it  is  through  an  implementation  of  the  Kabsch 
algorithm [9]. 

To propagate the uncertainty associated with the steps that precede them, a Montecarlo (MC) approach has been used. 
The MC approach consists in evaluating the Kabsch algorithm  times. Each time, a series of fixed input parameters 
(e.g. the length of the gauges, etc) are used to obtain the coordinates of the fiducials in both MRF and service detector 
reference  frames.  At  each  repetition,  a  random  number  is  added  to  these  input  parameters.  The  random  number  is 
sampled from a normal distribution with null mean and standard deviation given by the RSS of all the contributions of 
repeatability and absolute uncertainty to the  standard deviation by  means of Matlab’s random  number generator on a 
desktop PC. 

The number of repetitions, , is chosen such to have a coefficient of variation (CV) of the sample standard deviation for 
the quantity , , between each pair of subset of  repetition, of less than 1%. This is a condition 
on the convergence of the sample standard deviation that depends on the algorithm that is used at this step. Based on this, 
a value of =105 has been used for each . 

The error, , in determining the true position of the locations  that contribute to the BIP is then reported to the error in 
height of the bolting interfaces located in  (same locations of the MRF fiducials), , by means of numerical 
regression: 

Only the component perpendicular to the MRF, along , of the repeatability is considered. In the above equation, 
= 1.677 is the critical value of the Student’s t distribution with =45-2=43 degrees of freedom and =0.05 and X is the 
design matrix of the regression: 

with  are the locations of the service detector when exploring the -th FOV. 

2.4 Fingerprint of the BIP at ambient using Hartmann mask 

Hartmann mask technique can be used to verify the alignment of the OGSE collimator and TOU prior to performance 
testing  at  operational  temperature .  It  consists  in  placing  a  circle-shaped  pattern  of  circular  holes  in  front  of  the 
OGSE, i.e in between the OGSE and the TVC window, in order to divide the test beam in a series of parallel beamlets. 
Those  beamlets  are  focused  by  the  TOU  and  detected  separately  by  the  SD  except  when  they  converge  in  the  same 
minimum  RMS  radius  spot  by  the  TOU  only  when  the  SD  is  placed  near  the  best  focus  position  for  the  FOV  being 
tested. In all other configurations (i.e., out-of-focus), the traces of each single beamlet result in separable spots.  

When the detector is moved around the BIP at ambient temperature, the difference in temperature results in a shifted best 
focus position for all the FOVs that have been explored. Therefore, the spots of the beamlets projected on the SD at each 
FOV result, at ambient temperature, in spatial patterns that work as a fingerprint of the BIP at ambient temperature.  

This series of 40 images is recorded, one for each FOV. The FOVs are acquired by acting on the Gimbal, which in turn 
orients the TOU at different boresight angles ( ) with respect to the initial alignment (i.e. TOU LOS coincides with the 

direction of the collimated beam) and different  Azimuthal  phase angle ( ). A quantitative  metric of alignment, , is 
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obtained,  for  each  FOV  identified  by  the   (boresight)  and   (azimuth)  angles  with  respect  to  the  optical  axis,  by 

summing the square of the semi-axes along the rows or columns ( , ) of the ellipses that can be fit to the centroid of the 

spots projected by each beamlet. The value of  should change  with respect to  and  with respect to the magnitude 
depending on the tilt and distance of the BIP from the MRF and can be used as a check for the alignment of the FPA. 

3. RESULTS

3.1 Metrology and calibration 

The  positions  of  the  centers  of  the  discontinuity  have  been  measured  with  the  CMM  after  the  gauges  have  been 
integrated on the TOU and are referred to the TOU MRF coordinates and reported in Table 1. 

Table 1 Location of the centers of the discontinuity on the gauges, measured with respect to the MRF and 
corrected for thermal effects at  = -80°C. 

Gauge A Gauge B Gauge C 

 (mm) 63.928 -128.013 63.962 

 (mm) -110.814 0.043 110.847 

 (mm) -64.701 -64.700 -64.703

The  values  of  the  distance  along  z  have  been  corrected  according  with  eq.  (1)  for  the  thermal  shrinkage  assuming  a 
temperature difference of 20°C-(-80°C) = 100°C. The effects of the thermal contraction when cooling down to the test 

temperatures of the TOU (-70, -80 and -90 °C) are negligible on the ,  dimension and amount to  = -0.008 mm for 

each gauge (  = A, B or C) along the  direction. The uncertainty associated with the CMM measurement is quantified as 
2 um along all coordinates directions. The gauges map the MRF fiducials in a location that is accessible to be probed by 
the confocal sensors during test conditions. 

Table 2 Location of the origins of the confocal sensors that are reading the gauges. 
Confocal A Confocal B Confocal C 

 (mm) 64.224 -127.436 64.412 

 (mm) -110.487 0.384 110.932 

 (mm) 2.575 2.581 2.563 

In  Table  2  the  coordinates  of  the  confocal  sensors  with  respect  to  the  center  of  the  service  detector  are  reported,  as 
estimated from the calibration. On these values, the uncertainty is 5 um on , 14 um on  from the chain of tolerances, 
including M2 repeatability and calibration.  

Based on the results of the M2 procedures, repeated 3 times for each confocal, gauge pair, performed at  (uncertainty: 
2 um along  and 1 um along ), the best transformation between the service detector and MRF reference frame could 
be  estimated.  By  means  of  Monte  Carlo  simulation,  the  propagation  of  the  overall  uncertainty  of  the  procedure  on 
attributing the coordinates of any measurement point to the MRF is diminished, notably, to 3 um along  and 12 um 
along . 

No changes has been observed in the reading of the confocal sensors during the TOU cooling down in vacuum. 

3.2 Best image plane fingerprint with A-HM 

The assessment of the location of the landmarks on the TOU (with the CMM) and with respect to the service detector 
active area (with the M2 carried out by the hexapod and the confocal sensors) allows for the identification of the best 
coordinates transform that, applied on the coordinates in the hexapod reference frame, expresses them in the TOU MRF. 
This  allows  the  identification  in  the  latter  reference  frame  of  the  best  image  plane,  which  was  initially  known  in  the 
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hexapod space, as per the results of the performance test and the measurement of enclosed energy at various locations in 
space. The distance from the TOU MRF and inclination of the BIP in the MRF are reported in Table 3. 

Table 3 location of the BIP at -80 °C expressed in the TOU MRF. 
Axis Coordinates 

Translation [mm] 0.000 

0.000 

-68.262

Rotation [deg] -0.035

-0.007

0.000 

The error budget takes all the contributions to the final uncertainty (i.e. confidence intervals on the distance along  on 
the bolting locations) in account, including the effects of identifying the best coordinates transform (Procustes analysis). 
When propagated to the FPA bolting interfaces, this translates into a ± 17.5 um (95% confidence). 

The collection of the images of the Hartmann mask at ambient conditions for  40 FOVs selected in order to represent 
equal areas of the overall FOV [7] are reported in Figure 5. 

Figure 5 Collection (not in scale; individual images magnified about 90x) of the 40 images of the 9 hole 
Hartmann mask used for fingerprinting the BIP. 
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4. CONCLUSION

The best focal plane of the TOU must be characterized for ensuring best optical performance at operational conditions. 
Its location has to be assessed with good metrological accuracy with respect to the bolting plane mechanical interfaces 
and has to be given as a result of the testing of each unit. To this extent, a method based on the use, inside the TVC, of a 
small area service detector moved by a hexapod, a set of three confocal sensors and a set of three gauges reproducing the 
TOU mechanical interfaces is proposed.  

Having  analyzed  the  effects  of  the  impact  of  the  uncertainties  at  the  relevant  intermediate  steps,  the  accuracy  of  the 
metrological procedure for the identification of the best image plane location for each TOU is given at the FPA bolting 
interfaces. This propagated uncertainty appears to be within the accuracy goal.  

Moreover, the ability to always refer the coordinates of the service detector to the  mechanical reference frame of the 
TOU allows recording the out-of-focus images of a Hartmann mask at different FOVs. This can be carried out at ambient 
temperature and pressure conditions in the same location that would mark the BIP at  and vacuum. This recorded 
collection of patterns of beamlets can be used as a fingerprint for checking the correct location of the FPA during its 
integration at ambient conditions. 
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