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ABSTRACT

On December 2021, a new camera box for two-colour simultaneous visible photometry was successfully installed
on the ASTEP telescope at the Concordia station in Antarctica. The new focal box offers increased capabilities
for the ASTEP+ project. The opto-mechanical design of the camera was described in a previous paper.! Here,
we focus on the laboratory tests of each of the two cameras, the low-temperature behaviour of the focal box in a
thermal chamber, the on-site installation and alignment of the new focal box on the telescope, the measurement of
the turbulence in the tube and the operation of the telescope equipped with the new focal box. We also describe
the data acquisition and the telescope guiding procedure and provide a first assessment of the performances
reached during the first part of the 2022 observation campaign. Observations of the WASP19 field, already
observed previously with ASTEP, demonstrates an improvement of the SNR by a factor 1.7, coherent with an
increased number of photon by a factor of 3. The throughput of the two cameras is assessed both by calculation
of the characteristics of the optics and quantum efficiency of the cameras, and by direct observations on the
sky. We find that the ASTEP+ two-colour transmission curves (with a dichroic separating the fluxes at 690nm)
are similar to those of GAIA in the blue and red channels, but with a lower transmission in the ASTEP+ red
channel leading to a 1.5 magnitude higher B-R value compared to the GAIA B-R value. With this new setting,
the ASTEP+ telescope will ensure the follow-up and the characterization of a large number of exoplanetary
transits in the coming years in view of the future space missions JWST and Ariel.
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1. INTRODUCTION

ASTEP (Antarctic Search for Transiting ExoPlanets) has been developed to search for exoplanetary transits
from Dome C.?* It has been able to produce high-precision photometric observations, both for detection of
new candidates and for the follow-up of already known exoplanets.® ! The location of ASTEP in Antarctica
makes it unique for the follow-up of long duration transits and very southern objects detected by TESS and
in the continuous viewing zones of JWST and Ariel. In 2020, a new focal box was developed at the Lagrange
laboratory with the support of ESA/ESTEC and the University of Birmingham. The support permitted the
acquisition of two cameras for two-color (blue and red parts of the visible light) simultaneous photometry. The
focal box design and its characteristics are described in a previous SPIE paper.!

Further author information: Send correspondence to F.X. Schmider (schmider@oca.eu).
* ESA Research Fellow (2018-2021)
* ESA Research Fellow



Figure 1. The new focal box assembled in the lab for alignment with an artificial optical source (right)

After the development and tests at the laboratory, the new focal box was shipped and installed at the
Concordia station, Dome C in Antarctica. The new ASTEP+ telescope has started its observations in March
2022 for the whole winter season.

Here we describe the different steps of the assembly and tests of the focal box, its shipment to Dome C, its
installation on ASTEP at Concordia during the austral summer season, as well as its operation during the first
months of the polar winter season and the results achieved. In a parallel paper,'® we describe the target selection
process and the data automatic reduction, in view of a fully robotic observation facility.

2. FOCAL BOX ASSEMBLY AND LABORATORY TESTS

Before shipping the focal box to the Concordia station, it as necessary to assemble it at the laboratory and test
its behaviour for the expected environmental conditions in Antarctica, where the external temperature can vary
from -20°C down to -80°C. These conditions impose a special conception of the box in different compartments
with different functions, an external isolation and internal temperature regulation to ensure the correct working
properties of the focal box.

2.1 Assembly

In the previous paper,! we described the optical conception and the realisation of the different mechanical
supports for the optics and the cameras. The main carbon composite plate and all opto-mechanical modules
of the new focal box were assembled on an optical bench in the laboratory to align the optics. In addition to
the mechanical assembly, several heating elements were added in the different compartments of the focal box,
so we could guarantee different working temperature following the requirements of each component. The optical
compartment could remain colder than 0°C, when the cameras and their electronics have to stay in a positive
temperature environment. Thermal insulation was added all around the box and between each compartment.
The temperature control of the different components is carried out by several stand-alone regulators with PID
algorithm using PT100 probes.

2.2 Laboratory tests

At the laboratory, several tests were carried out on each element before assembly and set-up. Each camera was
placed on an optical bench with a monochromator and an integrating sphere (Figure 2) in order to estimate
the Pixel Response Non Uniformity (PRNU), the linearity of the detector and the read-out noise level. The
whole box was then aligned on an external light source and the quality of the image was verified using an optical
pattern (Figure 3).

A first adjustment of the opto-mechanical modules consists of aligning all the elements with a laser and, at
the entrance of the box, of positioning a grid located in a tube (telescope simulator) at the theoretical focal plane



Figure 3. Optical pattern as seen by the FLI & ANDOR cameras

of the telescope. The alignment of the optical axes of the two cameras with the optical axis of the telescope is
obtained by centering the image of the pattern on each camera, which is done thanks to the adjustment of the
dichroic beamsplitter for the blue channel and of the mirror for the red channel.

The optical transmission of the new focal box (Fig. 9) was estimated taking into account the cameras QE,
the transmission and reflection of the dichroic beamsplitter and the coating of the lenses and of the mirrors. The
primary (M1) and secondary (M2) mirrors of the telescope are coated with protected aluminium, which has a gap
in reflection around 800 nm, explaining the gap in the transmission of the red channel. The central wavelength
of the blue channel is 555 nm, with a FWHM of 293 nm, while the central wavelength of the red channel is
850 nm, with a FWHM of 276 nm. In the future, we foresee to change the coating of M2 mirror, inclined at
45 degrees, by a protected silver coating to increase the total transmission efficiency of the instrument. In the
section 4, we show the response of the focal box as compared to GAIA for all measured stars in a given field.

The thermal behaviour of the box was tested in a thermal chamber. The external temperature was varied
to simulate the conditions at Dome C both in summer and in winter, with a temperature range between -20°C
and -80°C. The lower part of the camera box contains electronic modules, in particular the Andor camera power
supply control electronics and a converter that allows the USB signal to be transferred from the cameras to the
acquisition computer. These electronic devices produce heat when cameras are in function. This part of the box
is also thermalized using dedicated temperature controllers. Fans installed in the compartment of each camera
produces heat exchange between these compartments and, thus, maintain the whole at a set temperature around
10°C. Tests in the thermal chamber were carried out which showed that 50% of the heating power was necessary
to guarantee the good functioning of the whole installation in extreme cases and 80% during the periods when



Figure 4. Left: The new focal box is placed inside a thermal chamber, able to reach a temperature of -75°C, similar to
that of the Antarctica winter. The graphics on the right displays the temperatures measured at different places inside the
box obtained when varying the environment temperature.

Figure 5. Aereal view of the Concordia station. The two main buildings of the base are located in the center, while the
summer camp is in the background of the picture. The new location of ASTEP telescope is the white Baader dome
located in the foreground close to the Astro shelter.

scientific cameras are not dissipating heat (off mode).

3. SET-UP AND OPERATIONS
3.1 Installation

The new box was shipped to Dome C on October 5th, 2021 and was installed on the telescope during the austral
summer campaign. The summer campaign was organised between November 23rd and January 25th by the
ASTEP team composed of Karim Agabi, Djamel Mekarnia, Georgina Dransfield and Olivier Lai.



Figure 6. Left: Installation of the ASTEP+ telescope in its new dome, using the logistical means of the station. Right:
The ASTEP+ telescope equipped with its new focal box fully installed in the new dome.

During the summer campaign, we seized the opportunity to move the telescope to a new location on the
base, in the so-called Baader dome. This displacement, already scheduled and prepared one year before, aims at
grouping the French and Ttalian astronomical activities in the same laboratory (called Astro shelter). The new
dome is better suited for the ASTEP+ telescope as it offers more space and an automatic closure capability. In
addition to this huge operation, we also removed all ASTEP experiment elements from their initial installation to
their new location: electronics devices were installed close to the new Dome and the telescope control computers
were installed inside the Astro shelter. We also installed a new primary mirror on the telescope, a new data-
processing server, conducted a whole maintenance of the telescope and its mount and updated all scripts linked
to the data acquisition and data processing.

After the displacement of the telescope, the new box was placed on the telescope. The optical alignment of
the focal box was first checked at the laboratory, using an internal light source, before its installation on the
telescope. Then, the alignment of the telescope with the focal box was done by pointing a bright star, usually
Canopus, visible in daylight, thanks to the exceptional transparency of the sky at Dome C. A density filter was
added on each camera to avoid saturation by the daylight. The optical adjustment procedure consists in aligning
the focal box optical axis with the telescope axis, which supposed to move the M1 mirror on three axis X,Y, and
Z. Then, the alignment of the equatorial mount was checked to ensure a perfect guiding on the field for several
hours. We cannot reach an alignment better than a few arc minutes due to the small number of stars that can be
observed during this period of continuous daylight, and of the absence of a pointing model taking into account
the flexion of the telescope. This set-up is generally good enough to ensure the operations, as the ASTEP+ field
is about 40 arc minutes wide, and a field recognition is done for each new observation. Real-time guiding is also
ensured from the image of the blue camera. However, for fields close to the Celestial Pole, the uncertainty of the
mount set-up results in a noticeable field rotation, reducing the photometric quality of stars at the edges of the
image. In the future, we expect to have a new more reliable mount, and to use an automatic set-up procedure
to precisely align the mount to within a fraction of arc minutes.

3.2 Turbulence measurement

To prevent frost from forming, the telescope primary and secondary mirrors are heated from their back surface,
as well parts of the camera focal box. This is necessary although it is well known that heat sources in optical
beam are harmful to image quality. We ran a series of test in daytime to try to quantify the effect of this heating
on the turbulence inside the tube and the dome, using a optical turbulence sensor, AIRFLOW.!® This instrument
measures optical path differences along parallel beams within a sensing cell by interferometric means, and by
plotting the phase variance as a function of beam separation, the phase structure function can be estimated. A
value of C2 can be extracted if the phase structure function follows the Kolmogorov structure, Dy = (D /rg)>/3.

There is a small air gap at the bottom of the tube, allowing air to flow around the primary mirror; without
any active heating (but thermal driving from sunlight) we found that the air inside the tube was very calm
but some mixing close due to this gap increased the turbulence around the primary mirror (Figure 7). This
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Figure 7. Measurement of C2 along the telescope tube in daytime. The primary mirror is not heated but the mixing of
air at different temperatures around the air gap at the base of the tube increases the local turbulence.

Dome Open

: 6 I e e e s s s e B
. 8
c 8% %
E %g 7 x KK
L ° B ié%
L B * &
¥ X
L %19 % il %): * *
o8 ©
o 1073 2 b4 o . % *
E E X %
N F © & i X
) r 17 *
£ [& 8 & 107" g * i
Y 15 I 1
o [ 4 © §
A *
—14
10 = l & *
i 1 g ¥
i 1 iyg
[ ] *
107" 107" ‘%\Hm”m”m”m L
0 2 4 6 0 2 4 6 8 10
Delta T (M1—dome) Delta T (M1—dome)

Figure 8. C? as a function of the temperature difference between the primary mirror and the ambient air, measured just
above the primary mirror (left). When the dome is closed (middle), there is exquisite sensitivity to AT, while when the
dome is closed (right), C? remains low for small AT, presumably due to flushing, and a transition to turbulence occurs
near 3°C.

illustrates that daytime tests are of limited operational value, although they can be useful to provide guidelines
in this extreme environment.

We ran turbulence measurements during mirror heating with the dome both closed and open (Figure 8).
When the dome is closed, the environment around the telescope is very stable and we are very sensitive to
minute heating. However, when the dome is open, which is much more representative of operational conditions,
even low wind clears out some heat and we need to increase the temperature difference between the primary
mirror and the ambient air to be able to measure the turbulence. Unfortunately, when the dome is open, sunlight
differentially heats parts of the dome (we tried to prevent direct sunlight hitting the telescope during those tests),
contributing to local turbulence.



Nonetheless we find that there is a regime (for AT < 3°C') where the air gap allows to flush the turbulence
above the primary. The validity of these experiments is limited in day time, and a ruggedized version of
ATRFLOW could be deployed in future observing seasons to provide quantitative control of the primary mirror
temperature.

3.3 Operations

The observation software was inherited from the previous version of the instrument. Thanks to the modularity
of the adopted software solution, the two new 2Kx2K backside illuminated cameras (ANDOR iKon-L 936 and
FLI Kepler KL400) could be implemented rather easily. The main difference with the previous version is that
the blue channel KL400 camera is used both as a guiding and a science detector. Short exposures (ranging
from 0.1 to 5 seconds) are stacked to form ~ 1 minute exposures. The particular sensor operation of the K1.400
allows digitizing non-destructively the same image with two independent amplifier gain values using a 12 bits
quantization (Low and High gains). The idea behind this operation mode being to have a finer sampling of lower
intensities and a coarser sampling for higher intensities. FLI uses a somewhat complex procedure to calibrate
these two images and stitch them together to form a full, 16 bits-equivalent image. In practice this stitching
procedure was found too complex to be implemented on ASTEP+, and the non-linearity of each image resulted
in non-satisfactory results for photometric purposes. Instead, a custom solution relying on the ”linearization” of
each frame using calibrated look-up-tables was envisaged but not yet implemented. In the current version of the
software, only the high gain stacked images are used as science frames. The low gain images are used for guiding
on brighter nearby stars when possible since they are less prompt to too high background levels situations, and
the high gain images are used when the single-frame exposure time needs to be very short (below 2 seconds).

3.4 Guiding

In the previous version of our instrument, a guiding camera was used solely for guiding while ASTEP+ exploits
the fast readout capability of the FLI KL400 camera to guide and save stacked science frames. Due to the
mount inertia and the mechanical backlash, the guiding frequency can hardly be higher than 1 Hertz. Based
on tests performed at the beginning of the polar winter season we set the guiding corrections frequency to
0.5 Hz. Typically when the target star is brighter than V~11, the frame cadence is increased, but we keep the
mount guiding corrections to be below or equal to 0.5 Hz. Unfortunately, with increasing nighttime duration and
temperatures going down below -50°C we experienced random and too frequent communication losses between the
acquisition PC and the instrument. After thorough investigations, we identified the USB3-to-Ethernet converter
cable as the most probable cause of these failures. The distance between the telescope and the laboratory
where the acquisition computer is hosted was about 60m, within the capability of the USB-Ethernet converter.
Disgracefully, the frost imposes special cables able to resist to extreme temperature and the one we had was not
sufficient for the required specifications of the USB3 norm on this distance. To avoid frequent interruptions in
the acquisition, we decided to operate only the red camera, and to update the guiding from the science images
at a least frequent rate. This proved to be efficient, and we did not noticed degradation of the photometric
accuracy.

An upgrade of this cable is foreseen for the next instrument update campaign. In the meantime, we are
investigating software solutions to mitigate the data losses caused by frequent communication failures. Note that
this sometimes also affects the red Andor camera, but at a much lower rate (this camera uses an USB2 protocol).
In the future, the new direct-drive mount will allow more frequent guiding updates which would also increase
the precision.

3.5 Focusing

The focus of the images on the two detectors can be adjusted independently thanks to a movable lens placed
just before the camera. During the first tests, the focus proved to be very sensitive to the external temperature,
due to the thermal dilatation of the telescope parts. The focus is determined manually from the quality of the
images and is adjusted regularly when the temperature changes. An empirical temperature dependency law has
been determined. In the future, we foresee to set-up an automatic focus adjustment procedure.
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Figure 9. Transmission of the two channels of the new focal box calculated from theoretical transmission curves as
compared to the GAIA blue and red channels.

4. FIRST RESULTS

One of the important characterization of the new focal box consists in the comparison between the theoretical
transmission of its two photometric channels with other photometric measurements, particularly from space. In
Figure 9, we present the response of the two-color channels together with the estimated response of the GATA
filters. The transmissions of the blue and red channels of the new focal box are almost identical to the GATA
blue and red channels respectively, although both channels are slightly redder. The transmission of the GAIA
red filter is also much higher. Figure 10 shows the B and R flux of the stars in the ASTEP field (here the WASP
131 field) normalised to the brightest star of the field as compared to the GAIA B and R magnitudes. It shows
an almost unity slope of the flux to the magnitude, so without biased estimation, and with a different vertical
offset due to the difference in transmission.

To be more precise in the color magnitude determination, figure 11 shows a comparison between B-R measured
on all stars of the field of WASP131 using SExtractor software!” to the color magnitude B-R of the same stars
in the GAIA catalogue.The B-R color response of the new focal box to stars of different effective temperatures is
also almost the same as that of GAIA, with a different zero point. The magnitude difference between ASTEP+
B-R and GAIA is estimated to 1.5 magnitude.

After a period of tests and adjustment, normal operations started at the end of March 2022. An usual
observing sequence permits to follow the field around a given star (usually a star known to exhibit transiting
exoplanets) for a period of several hours. These observations permit to confirm the parameters of the transit
(depth, duration, mean time) and to exclude false detection due to background binaries. It also allows the
determination of updated ephemerides for future observations by space mission. When close to the winter
solstice, the observations could be almost continuous, allowing the observation of very long transits.

Figure 12 shows an example of lightcurves in two colors obtained with the new focal box. Here, we show the
transit of WASP-19b that we already observed in 2013 with a single camera.'® The transit has been recorded in
two colors, blue and red, with a similar precision. The dispersion of the measurement is of 0.80 ppt (parts per
thousand) and 1.19 ppt for an integration of 2 minutes in the Blue and in the Red channels respectively. This
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Figure 12. Example of a two color photometric transit of exoplanet WASP-19b recorded at Dome C with ASTEP+ on
2022-04-11. The red points correspond to the data obtained in the ASTEP+ red channel. The blue points correspond to
the data obtained in the ASTEP+ blue channel. Note that the transit is achromatic (as expected), and it occurs ~ 7mns
earlier than expected, a consequence of the accumulation of errors on the ephemerides.

has to be compared to the previous dispersion of 1.7 ppt on the same star observed in 2021 with the previous
camera. It can be seen that the transit is slightly in advance with respect to the known ephemerides, showing
the need for follow-up with instruments such as ASTEP-+ to refine the ephemerides for future space missions
and to determine possible Transit Timing Variations (TTV) due to the presence of other planets in the system.

5. CONCLUSION

A new two-color focal box was successfully installed on the ASTEP telescope at Concordia station for the follow-
up of transiting exoplanets. Despite a failure in the communication with one of the camera, the installation was
realized without major issues. The new focal box is heavier than the previous one, so we could fear that the
guiding could be problematic, as the mount had shown problems in the past. To the contrary, the telescope
behaviour and the first results show no problems with the guiding. The quality of the data, even with one
camera, is significantly improved with respect to previous observations. With two cameras simultaneously, the
determination of transits would be more precise

The cause of the communication issue with the blue camera has been identified and will be solved by next
year, allowing a complete use of the focal box. The comparison of the color magnitudes of ASTEP+ with GATA
shows an excellent correlation and allows to determine absolute magnitudes from ASTEP+ data.

In the future, we will also change the telescope mount for a more powerful one, without gears, allowing faster
pointing and guiding which should increase again the performance and allow other type of observing programs.
This new mount should be installed in 2024.
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