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Abstract

We describe the deployment and first tests on sky of CONCERTO, a large field-
of-view (18.6 arc-min) spectral-imaging instrument. The instrument operates in the
range 130-310 GHz from the APEX 12-metres telescope located at 5100 m a.s.L
on the Chajnantor plateau. Spectra with R=v/Av < 300 are obtained using a fast
(2.5 Hz mechanical frequency) Fourier Transform Spectrometer (FTS), coupled to
a continuous dilution cryostat with a base temperature of 60 mK. Two 2152-pixels
arrays of Lumped Element Kinetic Inductance Detectors (LEKID) are installed in
the cryostat that also contains the cold optics and the front-end electronics. CON-
CERTO, installed in April 2021, generates more than 20k spectra per second during
observations. We describe the final development phases, the installation and the first
results obtained on sky.
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1 Introduction

CONCERTO is a millimetre-wave low spectral resolution (R=v/Av < 300) imag-
ing-spectrometer with an instantaneous field-of-view of 18.6 arc-min. Thanks
to the combination of high mapping speed, relatively high angular resolution (%
30 arc-sec) and spectral capabilities, CONCERTO is opening new observational
windows of the millimetre sky. It employs a room-temperature Martin—Puplett
Interferometer (Mpl) [1] coupled to a large field millimetre-wave camera, and
has been designed to interface with the Atacama Pathfinder EXperiment (APEX)
12-metres telescope located on the Chajnantor plateau [2]. The detectors tech-
nology is derived from the one developed for NIKA [3], NIKA2 [4] and KISS
[5]. We have described the CONCERTO design and science forecast in detail in
a previous publication [6]. In the present paper, we will focus on the descrip-
tion of the final configuration, the installation at the telescope and the technical
commissioning.

2 Instrument Description

CONCERTO has two main components: the so-called chassis and the optics box.
The chassis includes the camera (dilution cryostat), the Mpl interferometer, the read-
out and control electronics. The optics box includes seven room-temperature mirrors
(M5-M11), two polarisers and a cold reference (with three additional mirrors) for
the Mpl. The camera employs refractive optics, with three lenses (300, 4 and 0.1 K)
and a third polariser (0.1 K). The M3 and M4 mirrors, interfacing CONCERTO to
the telescope, are mounted, respectively, on top of the chassis and on the ceiling of
the APEX Cassegrain cabin (C-cabin). The M3 mirror is remotely foldable.

The dilution cryostat has been entirely designed and fabricated in house. In order
to account for the telescope elevation changes during observations, the dilution
insert is specially conceived to work at inclinations up to 75 degrees, corresponding
to a telescope elevation comprised in the range 15-90 degrees. The cryostat is com-
pletely cryogen-free, including the cold trap for *He injection. The cold reference is
a second cryostat with a base temperature of roughly 30 K. The main cryostat and
the cold reference are both based on pulse-tubes. Due to installation constraints, the
two pulse-tubes must share a single helium compressor and one pair of pipes. The
cold-heads spinning motors are properly synchronised by an ad hoc electronics box
developed in house. This configuration doesn’t significantly affect the performance
of the dilution cryostat, but limits the base temperature of the cold reference. In a
future upgrade, it is planned to replace the helium compressor and reduce the tem-
perature of the cold reference to 10 K roughly. The duty cycle of the CONCERTO
cryogenics is 100 %, i.e. continuous operations. During the technical commission-
ing, the cryostats have been cold and stable for 1.5 months without interruptions.

The two focal planes (HF and LF, separated by a 45 degrees polariser) are
single polarisation LEKID arrays containing 2152 pixels each. The focal plane is
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Fig. 1 Left: CONCERTO integrated in laboratory. Centre: chassis inclination test. Right: raw band-
passes measured in laboratory (Color figure online)

a circle of 76 mm in diameter, while the pixel size is 1.4x1.4 mm?2. The LEKID
are microstrip-coupled and based on high-quality thin (20 nm) Aluminium films
evaporated on high-resistivity mono-crystalline Silicon substrates. The thickness
of the substrates is, respectively, 105 ym and 125 ym for the HF and LF focal
planes. This allows to cover the desired optical bands, i.e. 195-310 GHz for the
HF and 130-270 GHz for LF. On the back of the wafer, a thicker (200 nm) Alu-
minium layer acts as superconducting ground plane, while an additional Au film
(100 nm) is added to ensure a good thermalisation onto the gold-plated Copper
holder'. Each of the twelve readout lines (six per array) is connected to a custom
readout board, with a multiplexing factor of 400 over a bandwidth of 1 GHz. The
band-defining optical filters are mounted in front of the arrays, and consist of a
pair of low-pass and high-pass metallic multi-mesh Fig. 1.

In this section, we have been focusing mainly on the sub-systems that have
been finalised after our design paper [6]. Please refer to that publication for a more
detailed description of the overall architecture of the instrument.

3 Installation at the Telescope

The instrument has been fully integrated and tested, excluding the M3 mirror, in lab-
oratory. In particular, we have used our sky Simulator [3] to demonstrate spectral-
imaging capabilities. In February, 2021, the instrument was dismounted and shipped
to Chile. The installation, submitted to severe COVID-related restrictions, started on
the 6th of April, 2021. The elements in the C-cabin were installed in the following
order: (1) M4; (2) optics box base; (3) chassis; (4) cold reference optics and cry-
ostat; (5) M3. The pulse-tube compressor, the dilution Gas Handling System (GHS)
and the He isotopic mixture reserve are installed in the lower part of the telescope
tower, in the so-called compressors room. The internal network switch, and the data

! The Al-Au sandwich is superconducting at the operating temperature of 70 mK. This is demonstrated
by the fact that the internal quality factors of the LEKID are not affected by the gold-plating.
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Fig.2 Picture of CONCERTO, installed at APEX, April 2021. Left: the instrument in the C-cabin,
including the chassis, the optics, the cold reference and the M3 mirror. Right: after 23 metres of cables
and pipes, in the compressors room, the pulse-tubes compressor, the Gas Handling System (GHS) and
the 3He-*He 45 litres reserve (Color figure online)

2 22 2 22
FREQUENCY (Hz) <100 FREQUENCY (Hz) 100

Fig. 3 Frequency sweeps of the two arrays. More than 90% of the 4304 designed pixels exhibit a reso-
nance. Left: LF array. Right: HF array. Taken under typical observing conditions, i.e. T = 70 mK, tens of
pW per pixel optics load, and excitation power Py;;, & —70dBm (Color figure online)

acquisition (DAQ) computers, linked to the readout electronics by four dedicated
1Gb Ethernet cables, are located in an intermediate container. The real-time analysis
machine and the cold storage are installed in the servers rooms, few tens of metres
away from the telescope, linked with two redundant 10 Gb Ethernet cables. CON-
CERTO is controlled remotely; no manual intervention is needed during normal
operations, including cooling down and warming up Fig. 2.

4 Technical Commissioning

The first cool-down of CONCERTO at the telescope started on the 10th of April,
2021. It was performed while the telescope was used for heterodyne observations,
i.e. re-pointing frequently. The base temperature of around 70 mK was reached in
roughly 48 hours, as during laboratory tests. The integrity of the arrays and cold
electronics was first verified by acquiring frequency sweeps on the twelve readout
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Fig.4 Left and Centre: LF and HF focal plane geometries. Around 90% of the 4,304 designed pixels
exhibit a beam. Right: LF uncorrected quick-look pointing map (z, ~ 35 sec) of the JO609-157

elescope

AGN (ALMA flux = 1.3 Jy at 233 GHz). Only the pixels exhibiting an ellipticity beam lower than 0.7 are
projected (Color figure online)

lines, as shown in Figure 3. All the lines were connected, showing nominal reso-
nances. On top of that, we observed an improvement of the LEKID internal quality
factors (Q) with respect to the laboratory measurements. This is due to the superior
quality of the sky at Chajnantor with respect to the sky simulator. We have in par-
ticular Qiky_ Simularor = 10k versus Qiky_ apex & 17k. The internal quality factors
measured on sky match perfectly with the (designed) coupling quality factors
Q¢ =~ 15k. This is, according to our past experiences, a necessary condition to
achieve optimal performance.

The optics response on sky is of the order of 1 kHz resonance shift per K of
temperature background. The noise was initially measured by targeting the sky with-
out moving the telescope from the zenith position. The continuum component, in
the useful frequency band, is of the order of 2.5 HZ/\/EZ. The noise in our case is
expressed in terms of the localisation precision of each resonance in frequency (Hz)
[7]. That translates in a Noise Equivalent Temperature (NET) of about 2.5 mK/\/Ez
/pixel/array. By combining the two arrays, and taking into account that each beam is
sampled by more than two pixels, we should in the end achieve NET < 1 mK- \/E per
beam. These values are in agreement with our initial sensitivity forecasts [6]. Please
refer to the cited paper for more information about the sensitivity calculations that
are based on real measurements on sky instead of the often used theoretical noise
calculations.

The next step in the technical commissioning was to set up CONCERTO in the
final observing condition, that includes software and data format compatibility with
the APEX observatory. During these sessions, second half of April 2021, we have
performed a number of observations, mostly technical routines like focus, pointing,
sky dips, interferometer tests. We report in Figure 4 an example among the very first
results. We focus for now, due to space constraints in these proceedings, on the pho-
tometric mode. In particular, we show the projected geometries of both arrays, and
a pointing map. This last demonstrates that CONCERTO is able to map sub-Jansky
features, over hundreds of arc-min?, in less than one minute overall telescope time.

Taking into account the convolution of the pixel footprint, i.e. a square of
22%22 arc-sec’> when projected on sky, and the resolution of the telescope, we
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demonstrate a good agreement with the observed beams FWHM, i.e. in the range
of 30(HF)-35(LF) arc-sec. Besides the distortions in the overall shape of the
focal plane shown in Figure 4, we observe a degradation of the beams quality, in
particular in terms of ellipticity, on the same side of both arrays. Around 25% of
the pixels are affected by this anomaly, as shown in the right panel of Figure 4.
These effects, most likely of optical origin, are under investigation and characteri-
sation. Similar phenomena have been observed by large field-of-view instruments
previously installed at APEX [8, 9].

5 Conclusions

The wide field-of-view low-resolution spectrometer CONCERTO is, since April
2021, installed and operating at APEX. We have described the final configura-
tion, and presented the results of the installation and technical commissioning.
The instrument is fully functional, with 90% of the 4304 pixels exhibiting beams.
The preliminary sensitivity estimations are well in agreement with expectations.
As a result, we are planning a science verification campaign during the Summer
2021. Among the effects being investigated further: 1) a monochromatic optical
noise at a frequency of tens of Hz and coming from the C-cabin; b) the stability
of the interferometer; ¢) some unexplained optics aberrations. During the tech-
nical commissioning, we have also observed a number of fainter and extended
sources. Despite being preliminary, these observations are clearly showing the
big potential of CONCERTO in terms of mapping speed. These maps, and further
results including spectro-photometric observations, will be presented in future
publications.

Acknowledgements We thank the electronics, mechanics, cryogenics and administrative groups at
Institut Néel, LPSC and LAM. We thank Florence Picchiottino, Karina Celedon and Lilia Todorov for
taking care of the shippings. For the outstanding technological and human support we thank the whole
APEX staff and among them, the telescope operators Juan Pablo Perez, Edouard Gonzalez, Mauricio
Martinez. Thank you all, it was a unique experience! We acknowledge financial support from the
European Research Council (ERC Grant No. 788212), the Aix-Marseille University-A*Midex and the
LabEx FOCUS.

References

1. D.H. Martin, E. Puplett, Polarised interferometric spectrometry for the millimeter and submil-
limeter spectrum. Infr. Phys. 10, 105-109 (1970)

2. R. Gusten et al., The Atacama Pathfinder EXperiment (APEX) - a new submillimeter facility for
southern skies. Astron. Astrophys. 454, L16 (2006)

3. A. Monfardini et al., A dual-band millimeter-wave kinetic inductance camera for the IRAM 30 m
Telescope. Astrophys. J. Supple 194(2), 24 (2011)

4. R. Adam et al., The NIKA?2 large-field-of-view millimetre continuum camera for the 30 m IRAM
telescope. Astron. Astrophys. 609, A115 (2018)

5. A. Fasano et al., The KISS Experiment. J. Low Temperat. Phys. 199(1-2), 529-536 (2020)

6. The CONCERTO collaboration, A wide field-of-view low-resolution spectrometer at APEX:
instrument design and scientific forecast. Astron. Astrophys 642, A60 (2020)

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Low Temperature Physics

7. M. Calvo et al., Improved mm-wave photometry for kinetic inductance detectors. Astron. Astro-
phys. 551, L12 (2013)

8. G. Siringo et al., The Large APEX BOlometer CAmera LABOCA. Astron. Astrophys. 497-3, 945
(2009)

9. D. Schwan et al., Millimeter-wave bolometer array receiver for the Atacama pathfinder experiment
Sunyaev-Zel’dovich (APEX-SZ) instrument. Rev. Scient. Instrum. 82, 091301 (2011)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center
GmbH (“Springer Nature”).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers
and authorised users (“Users”), for small-scale personal, non-commercial use provided that all
copyright, trade and service marks and other proprietary notices are maintained. By accessing,
sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of
use (“Terms”). For these purposes, Springer Nature considers academic use (by researchers and
students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and
conditions, a relevant site licence or a personal subscription. These Terms will prevail over any
conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription (to
the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of
the Creative Commons license used will apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may
also use these personal data internally within ResearchGate and Springer Nature and as agreed share
it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not otherwise
disclose your personal data outside the ResearchGate or the Springer Nature group of companies
unless we have your permission as detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial
use, it is important to note that Users may not:

1. use such content for the purpose of providing other users with access on a regular or large scale
basis or as a means to circumvent access control;

2. use such content where to do so would be considered a criminal or statutory offence in any
jurisdiction, or gives rise to civil liability, or is otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association
unless explicitly agreed to by Springer Nature in writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a
systematic database of Springer Nature journal content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a
product or service that creates revenue, royalties, rent or income from our content or its inclusion as
part of a paid for service or for other commercial gain. Springer Nature journal content cannot be
used for inter-library loans and librarians may not upload Springer Nature journal content on a large
scale into their, or any other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not
obligated to publish any information or content on this website and may remove it or features or
functionality at our sole discretion, at any time with or without notice. Springer Nature may revoke
this licence to you at any time and remove access to any copies of the Springer Nature journal content
which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or
guarantees to Users, either express or implied with respect to the Springer nature journal content and
all parties disclaim and waive any implied warranties or warranties imposed by law, including
merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published
by Springer Nature that may be licensed from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a
regular basis or in any other manner not expressly permitted by these Terms, please contact Springer
Nature at

onlineservice@springernature.com



mailto:onlineservice@springernature.com

