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ABSTRACT   

CHEOPS is the first small class mission adopted by ESA in the framework of the Cosmic Vision 2015-2025. Its launch 
is foreseen in early 2019. CHEOPS aims to get transits follow-up measurements of already known exo-planets, hosted by 
near bright stars (V<12). Thanks to its ultra-high precision photometry, CHEOPS science goal is accurately measure the 
radii of planets in the super-Earth to Neptune mass range (1<Mplanet/MEarth<20). The knowledge of the radius by 
transit measurements, combined with the determination of planet mass through radial velocity techniques, will allow the 
determination/refinement of the bulk density for a large number of small planets during the scheduled 3.5 years life 
mission. The instrument is mainly composed of a 320 mm aperture diameter Ritchey-Chretien telescope and a Back End 
Optics, delivering a de-focused star image onto the focal plane.  In this paper we describe the opto-thermo-mechanical 
model of the instrument and the measurements obtained during the opto-mechanical integration and alignment phase at 
Leonardo company premises, highlighting the level of congruence between the predictions and measurements. 
 

Keywords: CHEOPS, Exoplanets, transits, ESA small mission, optical-thermo-mechanical model, performance 
verification 
 

1. INTRODUCTION  
CHEOPS (CHaracterizing ExOPlanets Satellite) [1, 2, 3, 4, 5] is the first small class mission adopted by ESA in 2014 in 
the framework of the Cosmic Vision 2015-2025. Its launch is foreseen in early 2019. The mission is dedicated to the 
characterization and study of already discovered exoplanets orbiting around bright stars (V<12). These scientific goals 
will be achieved through ultra-high precision photometric observation of planets transits, which mass is already been 
estimated by mean of ground based radial velocity spectroscopy. The achievable precision is below 20ppm in 6 hours 
integration time for a G5 star with V-band magnitudes in the range between 6 and 9 mag. The CHEOPS Consortium is 
led by Switzerland (University of Bern) and includes institutes, agencies and companies from several European countries 
(Austria, Belgium, France, Germany, Hungary, Italy, Portugal, Spain, Sweden, and the United Kingdom). 
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Howard A. MacEwen, Giovanni G. Fazio, Proc. of SPIE Vol. 10698, 106983B  

© 2018 SPIE · CCC code: 0277-786X/18/$18 · doi: 10.1117/12.2313406

Proc. of SPIE Vol. 10698  106983B-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



CHEOPS Instrument System
Entrance pupil diameter 320mm
Central obstruction diameter 68mm
Working F/# 8.38 @ 750 nm
Effective focal length 2681 mm @ 750 nm
Telescope field of view diameter 0.32°
Spectral range 400 -1100 nm
Pixel size 13 microns
Plate scale 1 arcsec/pixel
Detector focal plane 1024x1024 pixels
Detector Temperature 233K
Detector Stability 10mK
Instrument total Mass <60kg including system margin
Instrument total nominal power <60W orbit averaged including margin

 

 

A layout of the CHEOPS instrument and the main specifications are shown in Figure 1. The optical configuration is 
made of a Ritchey-Chretien telescope, which feeds a second optical train named Back End Optics (BEO). The latter is 
made of a first refractive doublet that collimates the input beam and forms an image of the entrance pupil, where a mask 
is placed for straylight rejection purposes. The possibility to introduce a diffuser in this location, in order to homogenize 
the light, was studied in the past but was not implemented [6]. A flat folding mirror bends the beam toward a second 
refractive doublet that reimages the focal plane at the required plate scale. An e2v CCD47-20, mounted on the Focal 
Plane Module (FPM), is placed at a certain distance after the optical focal plane in order to obtain a relatively wide 
defocused PSF. The size of the PSF is the result of a trade-off study between the noise in the stellar image and the 
straylight signal. The optimal size has been estimated to be the one delivered by a PSF having the 90% encircled energy 
in 12 pixels radius. 

The on-orbit optical focal plane position with respect to the detector is crucial for the size of the PSF. A certain degree of 
compensation has been introduced by the possibility to actively stabilize the temperature of the telescope tube, i.e. the 
inter-distance between the primary and secondary mirror (the leverage factor on the focal plane displacement is 50). 
Given the fact that the compensation range is limited, a model able to describe the focal plane displacement behavior in 
the different environmental conditions has been developed. The model has been refined with the measured data during 
the alignment and performance test campaigns.  

 

 
Figure 1. A layout of the CHEOPS instrument (Up) and the main specifications (Bottom). 
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2. THE MODEL 
The CHEOPS subsystem aligned and tested during the campaign carried out at the Leonardo company premises is called 
TEL. It includes the opto-mechanical tube, the primary mirror (M1) and its mount, the secondary mirror (M2), the 
optical bench assembly, the BEO mechanical housing and the BEO optical elements (D1, M3, D2). The behavior of the 
TEL subsystem, including the FPM (not part of TEL), as function of the temperature maps, pressure and gravity 
conditions has been implemented in a mathematical model. 

A scheme of the model at room temperature, atmospheric pressure equal to 1 atm and with gravity 1g (with direction and 
versus equal to x axis) is shows in Figure 2. The reference system introduced in the model, but also utilized during the 
assembly and alignment phase, is the center of the Optical Bench Reference Plane (red dot in the figure). 

Seven thermal maps, used as references, have been implemented in the model. One at room temperature (20°C, 1 atm, 1g 
along x axis) corresponding to alignment phase environment, three in cryogenic chamber environment (-5°C, -10°C, -
15°C, 0 atm, 1g along z axis) corresponding to the performance test campaign conditions  and the last three representing 
the expected hot and cold on orbit temperature distributions. The thermal maps are reported in Figure 3. 

 
Figure 2. Scheme of the model at Room Temperature. 

 
Figure 3. Reference Thermal maps implemented in the model. 
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The thermal behavior of each component has been estimated independently by analysis. In particular it has been 
provided by Almatech company for the mechanical parts, by Leonardo company for the optics and by DLR for the FPM. 
The thermal behavior results have been implemented in the model by computing an equivalent CTE, for each considered 
element, gauging on the thermal drop between the nominal system configuration (temperature -20C and pressure 1 atm) 
and the reference working temperature configuration data (Cold orbit, 0 atm for Alamatech data; -10°C, 0 atm for 
Leonardo data; -27.5°C, 0 atm for DLR). The equivalent CTEs (linear dependency) have been implemented to describe 
the relative displacements of the following components: M1 mounts to reference point, M1 to M1 mounts, M2 mounts to 
reference point, M2 to M2 mounts, BEO interface to reference point, D1 to D1 BEO housing interface, M3 to M3 BEO 
housing interface, D2 to D2 BEO housing interface, D1 BEO housing interface to BEO interface, M3 BEO housing 
interface to BEO interface, D2 BEO housing interface to BEO interface, pupil mask to BEO interface, FPM interface to 
reference point and FPM CCD to FPM interface. For refractive elements, the model considers also refractive index 
dependency by the temperature and pressure. The mounts effects on M1 and M2 shape as function of the temperature 
have been evaluated and implemented in the model as defocus and trefoil Zernike polynomials.  

Both the optical bench and the telescope mechanical tube are made in carbon fiber. In both cryogenic vacuum chamber 
and orbit environments carbon fiber structures is expected to shrink because of moisture release. Moisture release effect 
has been estimated by analysis and implemented in the model. In particular, it affects the M1 position, the M2 position, 
the BEO interface position, and the FPM interface position. 

 
Figure 4. The three configurations considered in the model for gravity effects. TEL in vertical position in room environment with 

gravity vector pointing from the primary to secondary mirror (left), TEL in vertical position in cryogenic chamber environment with 
gravity vector pointing from BEO focal plane toward BEO fold mirror (top right) and TEL in orbit (bottom right). 

 
Also 1g-0g gravity-release affects the relative position of the elements. Its effect has been evaluated by analysis and 
implemented in the model. In particular three configurations have been considered: the telescope in vertical position in 
room environment with gravity vector pointing from M1 to M2, the telescope in horizontal position in cryogenic 
chamber environment with gravity vector pointing from BEO focal plane toward M3 and the telescope in orbit (0g 
assumed). A scheme representing the three configurations and the elements displacement caused by the gravity is shown 
in Figure 4. 

The model has been used also to estimate the expected on orbit performances in terms of delivered size and shape of the 
PSF by implementing the optics manufacturing and alignment tolerances and the mechanical interfaces settling effects, 

Proc. of SPIE Vol. 10698  106983B-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Room environment - Vertical configuration

ea PO

ro:.

1CC environment - Horizontal configuration

ea eo eo

Cold Case Orbit- Horizontal configuration

20 40 00 lea 180.o ,

o

 

 

due to launch vibrations by mean of a Montecarlo simulation. The description of this analysis is behind the scope of this 
paper. 

The model has been used to describe the behavior of the optical focal plane displacement at TEL level. Never the less, 
the model can also predict the position of the “defocused” focal plane with respect to the telescope axis, here named Axis 
Focal Distance (AFD). In particular AFD has been optimized to deliver the best “defocused” PSF in the cold orbit case 
(PSF having the 90% encircled energy over a radius of 12 pixels). In order to characterize the AFD for each 
configuration, we have simulated a set of PSFs and computed the encircled energy. Examples of simulated PSFs are 
shown in Figure 5. They represent the PSFs on the nominal “defocused” focal plane in the configuration with the 
telescope in vertical position in room environment illuminated with HeNe source, with the telescope in horizontal 
position in cryogenic environment (-10°C) illuminated with white light source and with the telescope in the cold case 
orbit illuminated with white light source. In the last case the 90% encircled energy is contained in a circle having radius 
12 pixels. 

 
Figure 5. PSFs on the nominal “defocused” focal plane in the configuration with the telescope in vertical position in room 

environment illuminated with HeNe source (Left), with the telescope in horizontal position in cryogenic environment (-10°C) 
illuminated with white light source (Center) and with the telescope in the cold case orbit illuminated with white light source (Right). 

3. MEASURMENTS CAMPAIGN 
The alignment phase of TEL has started in INAF by testing the procedures and the GSE on a prototype [7] and then it 
has been concluded in Leonardo  where the TEL flight model has been assembled, aligned and tested. In the last phase of 
the alignment campaign the HeNe nominal focal plane in room environment with the telescope in vertical position has 
been identified by means of the center of curvature of a spherical mirror, used as reference (Figure 6). Previously, both 
the FPM interface, used as interface for the spherical mirror mounting, on the TEL optical bench and the spherical mirror 
have been properly characterized through laser tracker measurement. The TEL has been then illuminated in double-pass 
with a Zygo interferometer and the D2 has been shimmed in order to reach the fringe minimization. For what concerns 
the focal plane position, the obtained TEL configuration has been assumed to correspond to the model in room 
environment with telescope in vertical position. 

 
Figure 6. TEL in vertical position illuminated by the interferometer in double pass (Left). The reference spherical mirror mounted on 

the top of the optical bench (Right). 
In the second step the telescope has been placed in horizontal position and illuminated in double-pass with the Zygo 
interferometer (Figure 7). The measured focal plane relative displacement in room environment from the vertical to the 

Proc. of SPIE Vol. 10698  106983B-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Off -Axis Parabola

Folding Mirrors

Secondary bench for light source
(here Fisba interferometer)

A
Hexapod for precise
beam moving

Primary optical bench in CFRP

 

 

horizontal configuration was 272 µm. This value is in good accordance with the one predicted by the model, 259 µm, 
with a discrepancy of only 13 µm. Indeed, given the optical system F/#=8.38, the discrepancy on the focal plane 
displacement between the measured data and the model translates into a difference on the PSF size of about 0.12 pixels.  

In the third step the TEL has been placed in the thermal vacuum chamber in horizontal position for the performance test 
campaign. A properly designed OGSE (Figure 8), mounted over an hexapod for fine pointing, that allowed the TEL 
illumination with both FISBA interferometer and white source has been aligned to the telescope, taking advantage again 
of the illumination in double-pass exploiting the reference spherical mirror.   

 
Figure 7. TEL in horizontal position in front of the Zygo interferometer. 

 

 
Figure 8. TEL in horizontal position in front of the OGSE (Left). TEL into the thermal vacuum chamber (Right). 

 
Before starting the thermal-vacuum measurement phase, the reference spherical mirror has been removed and a service 
detector mounted on a hexapod mechanically decoupled by TEL was mounted instead (Figure 9). The detector position 
with respect to the focal plane was firstly mechanically characterized with laser tracker equipment and then the position 
was optically refined by placing it in the best focus of TEL when illuminated by the HeNe source. 

A first measurement has been taken in vacuum (10-3 Pa) at room temperature (20°C) with the telescope in horizontal 
configuration with HeNe source. The measured focal plane relative displacement was -95 µm. The model predicted 
displacement was -77 µm. Also in this case the discrepancy is very small: -18 µm (0.17 pixels on PSF size). 
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In the last phase the thermal vacuum chamber has been turned on, bringing the TEL to the testing temperatures of -10°C, 
-15°C and -5°C. At -10°C the measured focal plane relative displacement with HeNe source is -11 µm. The prediction of 
the model was 417 µm, resulting in a large discrepancy: 428 µm (about 4 pixels on PSF size). It was clear that the 
thermal behavior was not well described by the model. Even at -15°C and -5°C, we experienced negligible 
displacements, -14 µm and -4 µm respectively. The focal plane position displacement is much more insensitive to 
temperature variation than what we expected. In particular the inter-distance between M1 and M2, being the worst 
offender for the focal plane displacement with a leverage factor of 50, was not well described by the model. We have 
then corrected its behavior in the model mimicking the measured data.  

 
Figure 9. Service detector mounted on the hexapod. 

 
The performance campaign proceeded with the full characterization of the PSFs size and shape over the full Field of 
View in the “defocused” focal plane at different temperatures. Its description is behind the scope of this paper. 

However, the model, after the temperature behavior correction, introducing also the manufacturing and alignment 
tolerances, was able to deliver synthetic PSFs similar to measured ones in terms of shape and size. An example is shown 
in Figure 10 where measured and simulated PSFs for the central field with white light illumination in thermal vacuum 
environment (-10°C) are shown. 

 
Figure 10. White light measured on axis PSF at -10°C (Left). Simulated white light PSF at -10°C (Right). 
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4. CONCLUSIONS 
CHEOPS is the first small mission in the ESA Science Program. The scientific goal is the study and the characterization 
of the exoplanets with transits technique by mean of ultra-precise photometric aperture measurements. The CHEOPS 
performance is directly connected to the PSF size and then to the variation of the optical focal plane with respect to the 
detector plane. We have developed a mathematical model able to describe and predict the optical focal plane 
displacement as function of different environmental conditions and in particular the CHEOPS orbital environments. The 
model has been tested during the TEL alignment and performance campaign. The measured data has been used to 
improve the model representativeness.   
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