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ABSTRACT

The PLAnetary Transits and Oscillations of stars mission (PLATO) is the M3 mission in ESA’s Cosmic Vision
2015-2025 Programme, see Rauer et al. (2014).! The PLATO mission aims at detecting and characterizing
extrasolar planetary systems, including terrestrial exoplanets around bright solar-type stars up to the habitable
zone. To be able to perform the required high precision photometric monitoring of the large target stars sample,
PLATO is based on a multi-telescope configuration consisting of 26 Cameras, so as to provide simultaneously a
large field of view and a large collecting aperture. The optical design is identical for all cameras and consists of
a 6-lens dioptric design with a 120 mm entrance pupil and an effective field of view of more than 1000 square
degrees. As for every optical system, especially dioptric ones, the presence of optical ghosts can dramatically
affect the scientific observations. Thanks to the application of an excellent anti-reflection coating, PLATO’s
cameras are by design very insensitive to ghosts. However, the residual faint back reflections focused on the
detectors have to be simulated and considered during science operation (target selection) and in data correction
algorithms.

This article describes the different optical analyses performed to estimate the importance of ghosts in
PLATOQ'’s cameras, as well as the simulations performed to support the preparation of the test campaign on the
first PLATO camera: the engineering model. Finally, the test execution, data analysis and results are presented
and compared to the simulated data.

Keywords: exoplanet, AIT, PLATO, ghost, straylight

1. INTRODUCTION AND CONTEXT
1.1 PLATO Mission and Payload description

The PLATO payload is made of 24 identical “normal” cameras (N-CAM), 2 "fast” cameras (F-CAM), Ancillary
Electrical Units providing electrical power and synchronisation signals to all cameras (two N-AEUs and one
F-AEU) and a Data Processing System (DPS). The cameras are mounted on an optical bench which belongs
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Figure 1. Artist impression of the PLATO Spacecraft with the 26 cameras on the optical bench. The Electronic Units
are hidden behind the radiator visible in front below the cameras. Credits: OHB System AG

to the spacecraft. The electronic units are accommodated separately from the cameras inside the spacecraft
service module.

As detailed in Ref. 2, the 24 N-CAMs are split into 4 groups of 6 on the Spacecraft, each group being tilted
by 9.2° away from the S/C Z axis (equal to the F-CAM Boresight). This allows to increase considerably the
total field of view of PLATO without impacting too much the noise budget by keeping several cameras pointing
to the same stars, see Ref. 3.

These 26 cameras will be used to constantly acquire stable images of thousands of star simultaneously during
4 years. By plotting the integrated flux of each star PSF over time, photometric time-series of each star can be
created to evaluate the photometric variation of the star. In case of an exoplanet transit, this time-series will
show a typical transit shaped drop of the integrated flux allowing the scientists to compute several parameters
of the star-planet couple, such as relative size of the planet, orbit duration, orbit inclination. In combination
with the asteroseismology measurements of the star itself, the age of the system and the mass of the star can
also be determined.

1.2 PLATO Camera Design and Parameters

The N-CAMs are working at a nominal cadence of 25s and are optimized to monitor stars fainter than magnitude
8. The F-CAMs are working at a cadence of 2.5s and mainly observing stars in the magnitude range 4 to 8,
on top of providing information for the Fine Guidance System in closed loop with the Spacecraft AOCS. Each
camera is split into 3 major sub-systems: a Telescope Optical Unit (TOU), a Focal Plane Assembly (FPA) and
a Front End Electronic unit (FEE).

The TOU includes a total of 6 lenses, see Fig. 2, that allows to create an image of a very large field of view
of more than 18° radius, see Refs. 4,5 for more details. A baffle is attached to the entrance protective window
of the TOU to limit the straylight coming from other parts of the S/C or other cameras, and from celestial
objects like the Moon or the Earth. The baffle also acts as the main thermal radiator of the camera. The TOU
is attached with 3 bipods to the FPA.

The FPA offers a stable structure to support the 4 CCDs that are needed to map the very large field of
view of the PLATO cameras. A conductive thermal link is in place between the FPA and the TOU to allow for
thermal dissipation of the CCD heat through the Baffle. See Refs. 6 and 7 for more details on the FPA design.

Finally, the FEE unit is mechanically attached to the TOU (for the N-CAM only) and linked to the FPA
via the CCD flexis cables. This unit allows reading of the CCD and acquiring of images in the given cadence
and in window mode if wanted.

Further author information: Send correspondence to martin.pertenais@dlr.de
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Figure 2. Optical Design of PLATO’ Camera, with a protective entrance window followed by a 5-lenses imaging system
and finally a last field lens few millimeters in front of the sensitive area of the CCD on the FPA.

1.3 Ghosts in PLATO cameras

What will be called ghosts or ghost images in this paper are spots or features imaged on the focal plane that are
actually not present in the observed field of view (FoV), see Ref. 8 for detailed theoretical description of ghosts.
In contrary to other straylight effects observed by an instrument, ghost images are generally more localized
effects that have therefore different implications than a simple increase of background level due to straylight.

Ghosts in PLATO’s case are unfocused duplicate of some stars that are in the camera FoV and being imaged
on the FPA. They are generated by reflections between surfaces of the camera such as lenses, window or CCD.
If the reflected light from a given surface is turned back again by reflection from another surface, it may travel
to the focal plane to form a ghost image. The presence of Anti-Reflection (AR) coating on each lens and
window is the first prevention design measure that has been taken to limit the intensity of ghosts in PLATO’s
cameras. Because the intensity of the light generating a ghost image is decreased by a significant factor after
each reflection on a surface, the ghosts created by reflections on 2 surfaces will be the most significant.

The interest in the ghost images simulation and measurement in PLATO is driven by the potential impact
they could have on the science goals. For example, if an extended ghost of a strongly variable star super-
impose with a target, it will contribute to the photometry of this target and could create a false-positive planet
detection.

Sect. 2 describes simulations to characterise the ghosts expected for PLATO’s cameras. Sect. 3 reports the
measurements taken in the first test campaign of the camera engineering model. Sect. 4 compares the results
of the test campaigns to the expectations from simulations before we conclude in Sect. 5.

2. GHOST SIMULATIONS
2.1 Assumptions and Parameters

In order to perform a first order simulation and characterization of the significant ghosts for PLATO’s camera,
the following parameters and assumptions have been defined and used:

e Entrance pupil = 12cm
e Nominal size of the image of a star on the detector = 4x4 pixels (with a pixel pitch of 18um)

e Total optical transmission of the window and lenses = 75%
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e Anti-Reflection Coating performance = 1%

e CCD Surface Reflection = 15%

These values are considered to be the worst possible case for the ghost creation point of view. This is done
in order to have a sizing cases of the ghosts. The measurements performed with the actual hardware, described
in Sec. 3, will then allow us to confirm these assumptions or not.

On top of this first-order simulations, more realistic value, including reflectivity of the surface as a function
of both wavelength and angle of incidence have been defined and implemented in a straylight analysis software.

2.2 Overview

The two main metrics to establish and characterize ghosts are energy (integrated flux) and their size on the
detector. Ratio of both produce the final master figure of merit: the irradiance. In the worst case the ghost
has high energy and is spread over a small size on the detector, leading to a high irradiance.

2.2.1 Ghosts’ energy

In terms of energy and using the parameters defined in Sec. 2.1, PLATO’s cameras have mainly 3 relevant
ghosts, created between following surfaces:

o CCD with the Window (both surfaces)
e CCD with L6 (both S1 and S2)

e CCD with L4 Surface 1
Considering a significantly higher reflectivity of the CCD than the optical surfaces, we expect the most
energetic ghosts to originate from a first reflection on the CCD. Using 15% and 1% reflectivity for the CCD

and the optical surfaces respectively, and 75% optical transmission, the order of magnitude of these ghost is
expected to be at least 1E-3 fainter than the original star image:

Eghost < CCDyeflec - Opticalyefiec - Transmission® (1)

Considering that the CCD reflectivity is actually much lower for most of the wavelengths, and that a non-
negligible part of the back reflected rays will be vignetted on its way to the detector, the expected energy of
the ghosts is actually an order of magnitude lower. But this value of 1E-3 provides a first order maximal value
of what can be expected with PLATO’s cameras.

2.2.2 Ghosts’ size

In terms of size, PLATO’s camera have 2 so-called point-like ghosts (almost as small as their original image,
<< 1mm?) and 3 main extended ghost:

e Window S1 with Window S2 (~ 1073 mm?)
e CCD with Window surfaces (~ 1072 mm?)
e CCD with L6 S2 (~ 10 mm?)

o L6 S1 with L6 S2 (~ 10 mm?)

e L6 S2 with Window surfaces (~ 10 mm?)

All the other ghosts created and not listed here have a size so large that they could be considered as part
of the background straylight and not as proper ghosts.
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Table 1. Overview of PLATO Ghost Irradiance.

Surface 1 Surface 2 Relative Irradiance | Position

CCD Back of window | 0.058% symmetric wrt optical axis (-x,-y)

Back of window | Front of window 0.039% on top of original image

CCD Front of window | 0.024% symmetric wrt optical axis (-x,-y)

CCD Back of L6 0.00003% further away from the optical axis,
along the same radius

CCD Front of L6 0.000007% further away from the optical axis,
along the same radius

Back of L6 Back of window 0.000004% symmetric wrt optical axis (-x,-y)

2.2.3 Ghosts’ irradiance

Looking at the ratio of both energy and size and listing the PLATO ghost with the highest irradiance, the 6
ghosts listed in the table 1 can be considered. Note that the values of irradiance are given as example to have
again a highest worst case limit of what to expect.

The first 3 ghosts of this table are considered to be point-like ghost with very small size, explaining their
very high irradiance. As it falls on top of the original image, the second ghost (created by the window itself)
can be ignored for further analysis. It will create a kind of halo around each star that can be considered for
photometry as part of the PSF wings for the star.

As a summary and based on this first order analysis, it was decided to consider for further
simulation and measurement the point-like ghost created by the CCD and the Window (first and
third of the table) and the extended ghost created by the CCD and the back of L6. All 3 ghosts
are highlighted in bold text in table 1.

2.3 Extended Ghost

Figure 3 below shows the creation of the most energetic extended ghosts between the CCD and the back of L6.
It is to be noted that for stars up to 6° away from the optical axis, the nominal PSF will be inside the ghost
(as for the blue and green beams in Fig. 3).

\/

Figure 3. View of the extended ghost creation after a first reflection on the CCD (bottom surface) followed with a
back-reflection on the flat exit surface of L6 (in grey). The dark blue beam in on the optical axis of the camera and the
light blue at the edge of the field of view.

The centroid position of the ghost is following linearly the chief ray angle reaching the detector. After
computation on Zemax, considering a factor 1.0672 between the ghost centroid and the PSF centroid in each
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direction induces an error of less than 0.1 mm on the ghost centroid position. We can therefore consider:
Xghost = 1.0672x X pgp and Yypost = 1.0672%Ypgp. As for the simulated size of the extended ghost, simulations
show an elliptical shape of the ghost with increased eccentricity with the angle from the optical axis. Figure 4
shows the shape of the ghost for the 6 field of view positions previously simulated in Fig. 3. For first-order
estimation, the size of the ghost is simulated by a circle. The left-hand side of Fig. 4 shows a polynomial fit of
the evolution of the ghost radius with the angle from the optical axis.

Extended ghost radius(mm) 0BJ: 0,00, 0,00 (deg) 0B): 4,00, 4,00 (deg) 0BJ: 8,00, 8,00 (deg)

ooy

10000, 00

y =0.0062x2 - 0.0251x + 1.8402

IMA: 0,000, 0,000 mm IMA: 18,399, 18,399 mm IMA: 37,422, 37,422 mm

08): 10,00, 10,00 (deg) 0BJ: 12,00, 12,00 (deg) 0B): 13,60, 13,60 (deg)

SRy

15
0.00 5.00 10.00 15.00 20.00

. P IMA: 47,394, 47,394 mm IMA: 57,831, 57,831 mm IMA: 66,627, 66,627 mm
Angle from optical axis (°)

Figure 4. Simulation of the size and shape of the extended ghost. Left: circular polynomial approximation of the ghost
size as a function of the angle from the optical axis. Right: example of ghost shape and intensity distribution for the 6
FoV positions from the optical axis (dark blue) up to the edge of the FoV (light blue).

Given a simulation of a star producing and irradiance of 1.6e6 W/mm2 on the detector and given the
parameters of section 2.1 for the ghost computation, the optical simulations provide an absolute ghost irradiance
of up to 0.5 W/mm2. That means that, in the worst case, the extended ghost is at most 0.00003% as bright as
the corresponding target. This worst case occurs close to the optical axis where the ghost covers the smallest
area, see Fig. 4. As an example, this value of 0.00003% goes down to 0.000017% by considering a nominal
PSF focused in 3x3 pixels instead of 4x4 pixels. This gives perspective for the uncertainties of this first-order
simulation.

In order to prepare for the test and train the analysis algorithm, this extended ghost was implemented
in PLATOSim, the official image simulator of PLATO. This provided for example an extended ghost for a
magnitude V=0 star 7° away from the optical axis of 98 photo-electrons in average per pixel per exposure.

2.4 Point-like Ghost

As described above, the main point-like ghost to consider is a super-imposition of 2 ghosts created first by a
reflecting on the CCD surface and then by either surface of the parallel entrance window of the camera.

Using the same example as for the extended ghosts, each of them will have an irradiance of respectively of
952 and 390 W/mm?. Considering a perfect super-imposition (worst case), this makes a total of 1342 W/mm?,
meaning 0.082% of the nominal image irradiance.

This means that each star (less than 8° away from the optical axis) will produce a symmetric ghost on the
other side of the optical axis (on another CCD) with ~ 0.082% less irradiance. Considering that the ghost is
expected to be ~2 times larger in term of area on the the detector than the nominal PSF, this would correspond
to an integrated flux of the ghost ~ 0.041% of the flux of the nominal image of the star, this is a factor of
~2400.
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3. GHOST MEASUREMENT
3.1 Test setup and procedure

As part of the MAIV Campaign of the Camera EM, a test setup was developed at SRON to enable the full
performance testing and calibration of the PLATO Camera in operational conditions. Refs. 9,10 summarize
the setup description and overall test results.

The camera is fixed in a gimbal allowing to rotate it and access the complete scientific field of view. The
fixed collimator (OGSE) illuminates the complete entrance pupil of the camera with a representative spectrum
of PLATO’s reference star. For the ghost dedicated test, the test procedure was defined to be as follow:

e Wait for thermal stabilisation at the nominal operational temperature

e for each FoV position:
acquire background images
set OGSE intensity to required value 1 (saturated exposures, close to magnitude V=1.5)
acquire a given number of full-frame images
set OGSE intensity to required value 2 (non-saturated exposures, close to magnitude V=)

acquire a given number of full-frame images

The map of the commanded FoV positions is shown in Fig. 5. One CCD (upper right quadrant in the figure)
is mapped with 2 sets of 5 off-axis angles (3.8°, 7.6°, 11.4°, 15.2°, and 18.88°) for 2 different azimuths, while
the remaining 3 CCDs are mapped with these 5 off-axis angles along their diagonal. Finally, the gaps (without
sensitive area) between CCDs are also being illuminated in both X and Y direction, to potentially look for
unexpected ghosts created by this non-sensitive area on the FPA.

20
)

15 ¢

10

-20 -10 0 10 20
. .

-10
-15

-20

Figure 5. List of field of view points visited during the EM Ghost test. Each quadrant of this plot corresponds to 1 CCD
on the FPA. Axis labels give the angle from the optical axis in degrees while the optical axis is at (0°,0°). Azimuthal
angle equals zero at the bottom axis of the first quadrant as usual.

For each of these FoV positions both saturated and non-saturated exposures were acquired, thanks to
a neutral density filter wheel in the OGSE. Saturated exposures were mostly used to find the ghosts and
characterize the very faint extended ghosts, while the non-saturated ones were used for characterization only.
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3.2 Analysis and results
3.2.1 Analysis steps

The background image for a FoV position was smoothed with a 2D boxcar kernel of 20 pixels and subtracted
from the respective averaged saturated and non-saturated exposures.

The extended ghosts are very faint, even in the saturated images. Nevertheless, they can be recovered at
the expected location by eye because of their large size, even though the signal is less than the average noise
level. An elliptical aperture was overlaid with SAOImage DS9 version 7.3.2 to match the circumference of the
extended ghost, giving the semi-major and the semi-minor axis, the area measured in number of pixels, as well
as the centroid position.

The measurement of integrated flux is complicated by the faintness of the extended ghost and a variable,
negative residual background flux after background subtraction. A rough estimate of the integrated flux was
obtained by sampling the background flux and ghost flux in various locations, see Fig. 6, and extrapolating the
difference between ghost and background flux to the size of the ghost image. The uncertainty of the background
light level contributes an error bar of 20 % to the estimated flux. This partially due to a so-called tearing effect
of the CCD where a drop of background level is observed in the opposite direction of reading from a saturated
spot.

2
-
c
5
)
7
~
o
®
a
1

Figure 6. Local sampling of the extended ghost flux and residual background flux using small apertures with a radius
of 20 pixels.

As opposed to the extended ghost, a point-like ghost with the same amount of light in a pixel would not be
visible since the PLATO PSF has a size of less than 4x4 pixels only, and the ghost is expected to be around
6x6 pixels. An initial search for point-like ghosts using an automatic peak detection algorithm did not succeed.
Then, the search was restricted to the recovery of the expected symmetric point-like ghosts by eye.

The integrated flux of point-like ghosts was measured from annuli in SAOImage DS9, correctly accounting
for the residual background light level in faint cases. A simple integration of flux in a circular aperture was
considered sufficient for the bright OGSE primary image. The flux measured in digital units was converted to
number of electrons using a gain factor of 28e~/ADU.

3.2.2 Measurement results

The size of the extended ghost was characterised at 11.4° away from the optical axis, giving an aspect ratio of
1.09 and an area of 42,530 pixels.

The photometric measurements are listed in Table 2 for the extended ghost and and in Table 3 for the
point-like ghost at the given FoV positions.

The non-saturated exposure identified in Table 3 is actually slightly saturated. A stellar flux of 5,600 ke™
was found from integration in a circular aperture, resulting in a flux ratio of 2,650+£750 for the point-like ghost.
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angle from line of sight azimuthal angle extended ghost flux [ke™]

3.8 135° 1,794.9
7.6° 135° 1,190.8
11.4° 135° 952.0
15.2° 30° 1,652.0
15.2° 60° 1,537.2

Table 2. Integrated flux of extended ghosts obtained from extrapolating local samples of ghost and background flux
in saturated exposures. The ghosts were observed at different FoV positions identified by the angle from the line of
sight and the azimuthal angle. An uncertainty of 20 % should be applied to all extended ghost flux measurements. The
estimates for the ghost at 3.8° and 7.6° are very uncertain since only a part of the ghost is accessible outside of the
primary PSF.

angle from line of sight azimuthal angle point-like ghost flux [ke™)]
non-saturated exposures

3.8° 135° 238 =+ 0.70
saturated exposures
3.8° 135° 644
7.6° 135° 280 =+ 0.84
11.4° 135° 092 =+ 0.17

Table 3. Integrated flux of point-like ghosts. The uncertainty of residual background flux is irrelevant for very high
signals so the error is omitted in the first row for the saturated case.

Close to the line of sight, the point-like ghost is clearly detectable at an off-axis angle of 3.8°. Comparing
the saturated and the non-saturated exposure taken at this position of the light source, the measured fluxes of
the point-like ghost marginally agree, given the magnitude difference of 6.5 (Table 3 and Sect. 3.1).

Far away from the line of sight, the point-like ghost for 135° and 11.4° is very faint with some 900e™~ only.
This was expected because of vignetting.

There is bright feature at an off-axis angle of 18.88°. Even though it resides roughly at the expected location
of an extended ghost it is much brighter. It is a reflection of the straylight mask and will be out of the field of
view of the cameras.

4. COMPARISON OF MEASUREMENTS WITH SIMULATIONS

The area expected with Zemax for the elliptical extended ghost at an angle of 11.4° from the optical axis is
13.79 mm2, corresponding to 42,550 pixels. This fits very well the 42,530 pixels measured here, Figure 7.

Figure 7. Comparison of a simulated ghost, as described in Sec. 2, in purple on top of an actual image acquired with
the camera EM, for a saturated spot at 11.4° off-axis. A part of the observed frame centered around the OGSE image
and the ghost is shown twice, once with the simulated ghost (right) and one without (left).
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Similarly, the position of the ghost centroid relative to the star is very well within the expectation from the
simulation, with (147, 143) absolute pixels shift in (X, Y) compared to (132, 130) simulated. This shows, as
expected, that the extended ghost position and size is very deterministic and that the simulation can be fully
trusted in these aspects.

As opposed to point-like ghost flux, the flux of the extended ghost is not expected to vary a lot with the
angle of the OGSE from the optical axis. The measurements are consistent with the simulated decrease of ghost
flux of about 10 % between off-axis angles of 1° and 16° (Table 2). Even though a precise radiometric calibration
is not possible in the current test setup, the flux level of about 1,200 ke~ observed for the extended ghost at
a magnitude of 1.5 and an off-axis angle of 7.6° (Table 2) would be of the order expected from simulations.
Simulations indeed predicted a ghost of 3,800 ke™ integrated flux for magnitude 0 at 7° off-axis. A magnitude
0 star being 4 times brighter than a magnitude 1.5 star, this would be equivalent to 950ke™ for a magnitude
1.5 star. Considering again the high uncertainty on the absolute radiometric flux used in the test setup, this
950 ke~ is matching well the 1,200 ke~ measured.

For the point-like ghost, there is less agreement with simulations at high off-axis angles. This is mostly
due to the fact that the vignetting function across the FoV wasn’t properly included in the simulation. The
measured ghosts are therefore much fainter than expected. For example, a flux of some 160ke™ was expected
from simulations at an off-axis angle of 7° at the saturating magnitude of 1.5 assumed here (Sect. 3.1). The
ghost location is, as simulated, symmetric w.r.t the light source (as should be) but the flux amounts to only
about 3ke™, at an angle of 7.6° from the optical axis (see Table 3).

As noted above, the assumed magnitude of the light source is uncertain and an accurate flux calibration
is not possible with the test setup. Therefore, the direct comparison of flux values to simulations is rather
difficult. However, a comparison is possible for different off-axis angles on a relative scale. The flux ratio of
point-like ghosts can be taken between different off-axis angles and compared to simulations.

For example, the flux ratio of 2,650+£750 (Sec. 3.2.2) measured for the point-like ghost from the non-saturated
exposure at an off-axis angle of 3.8° (between the stellar flux and its ghost) is in good agreement within error
bars with the simulated value of ~2400 (Sect. 2.4). This relative measurement between the star and its
ghost allows us to remove most of the uncertainties due to the absolute radiometric calibration, assumptions on
vignetting and gain. It therefore confirms well that our measurements are in-line with the expected simulated
ghosts.

5. CONCLUSION AND OUTCOME

This article first presented the relevant ghosts that were identified for the PLATO mission. As per simulations
described here, none of these ghosts are considered to potentially harm the science objectives of the mission.
In order to verify this and gain confidence on the assumptions taken, a test setup was developed and described
here. The results of the tests perform on the camera EM confirmed our simulations to most extent:

The extended ghosts match preparatory simulations very well. In terms of size and positions, the measured
ghosts correspond exactly to the ones simulated, confirming their deterministic characteristic. In terms of
intensity, we showed that the order of magnitude of integrated flux inside this extended ghost corresponds well
to the one simulated, within error bars due to the unaccuracy of the absolute radiometric calibration of the
setup. The ghosts were too faint to perform a reliable relative comparison of the irradiance with the stellar one.
This is a good sign, giving hints that the assumptions taken in the simulations are real worst cases.

As for the point-like ghosts, their position and size also match perfectly the predicted ones. Their flux ratio
amounts to about 2,700 at an off-axis angle of 3.8° which is within error bars of the simulated flux ratio with
the nominal stellar flux.

Finally, no other significant unexpected ghosts were discovered. Looking at the highly saturated exposures,
a faint halo could be observed around the star image by playing with the image contrast. This corresponds to
the ghost created by both sides of the window (second line of table 1). As visible in Fig. 7, a couple of long
stripes pointing at the saturated spot were observed. The team is still investigating to understand if these come
from the setup OGSE or are a reflection within the camera. The final test using the Flight Model (FM) camera
should help identifying the root-cause.
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