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Abstract

The use of high energy transients such as Gamma Ray Bursts (GRBs)
as probes of the distant universe relies on the close collaboration be-
tween space and ground facilities. In this context, the Sino-French mission
SVOM has been designed to combine a space and a ground segment and
to make the most of their synergy. On the ground, the 1.3 meter robotic
telescope COLIBRI, jointly developed by France and Mexico, will quickly
point the sources detected by the space hard X-ray imager ECLAIRs,
in order to detect and localise their visible/NIR counterpart and alert
large telescopes in minutes. COLIBRI is equipped with two visible cam-
eras, called DDRAGO-blue and DDRAGO-red, and an infrared camera,
called CAGIRE, designed for the study of high redshift GRBs candidates.
Being a low-noise NIR camera mounted at the focus of an alt-azimutal
robotic telescope imposes specific requirements on CAGIRE. We describe
here the main characteristics of the camera: its optical, mechanical and
electronics architecture, the ALFA detector, and the operation of the
camera on the telescope. The instrument description is completed by
three sections presenting the calibration strategy, an image simulator in-
corporating known detector effects, and the automatic reduction software
for the ramps acquired by the detector. This paper aims at providing
an overview of the instrument before its installation on the telescope.

Keywords: Gamma-ray burst: afterglow, SVOM, Instrumentation:detectors,
Instrumentation: NIR imaging.

1 Introduction

Using Gamma Ray Bursts (GRBs) as probes of the distant universe involves
the quick and precise localisation of the bursts, the multi-wavelength obser-
vation and high resolution spectroscopy of their afterglows and the detailed
imaging and spectroscopy of their host galaxies. Such observing sequences re-
quire the efficient cooperation of space and ground facilities. In this context the
SVOM mission (Space based multi-band astronomy Variable Object Monitor,
Wei et al. (2016); Atteia et al. (2022)) includes two follow-up telescopes de-
signed to quickly localise and monitor the optical afterglows of GRBs detected
by the space instruments. Among them, the COLIBRI telescope (Catching Op-
tical Light and Infrared BRIght transients, Basa et al. (2022)), equipped with
the near-infrared CAGIRE camera (CApturing Gamma-ray bursts Infra-Red
Emission), plays a special role for the detection and localisation of the most
distant GRBs, at redshift z > 6.5, whose emission is outside the range of the
Visible Telescope (VT) of SVOM (Wu et al., 2012; Fan et al., 2020).

Despite the scarcity of such very distant GRBs, their observation encom-
passes key objectives that have been considered sufficiently important to justify
the development of a dedicated near-infrared camera at the focus of a mid-size



Springer Nature 2021 BETEX template

CAGIRE 3

robotic telescope. Improving our capabilities to observe high-z GRBs CA-
GIRE will hopefully contribute to constrain the GRB rate beyond redshift
5-6 (Daigne et al., 2006; Kistler et al., 2009), facilitate the detection of the
faint hosts of very distant GRBs (Basa et al., 2012; McGuire et al., 2016) and
eventually detect GRBs associated with the explosion of population III stars
(Bromm and Loeb, 2006; Toma et al., 2011).

1.1 CAGIRE in the context of SVOM

As soon as a GRB will be localised by ECLAIRs, its position will be sent to the
platform to slew the SVOMsatellite, and simultaneously broadcasted to the
ground by an on-board Very High Frequency (VHF) emitter and via a Beidou
short message. On Earth, the alert should be detected by one of the ~ 50
SVOMVHEF receiving stations located in the tropical zones. Once the message
is received, the VHF station convey it to the French Scientific Center, which
redistributes it to the world. 65% of the alerts are received on Earth within
30s, allowing ground-based observations to start most of the time before the
end of the satellite slew (Wei et al., 2016).

One specificity of SVOM is the association of a satellite with a strong
ground segment that includes a set of Ground-based Wide Angle Cameras
(GWAC, Han et al. (2021)) monitoring the visible sky simultaneously with
the satellite and two medium size Ground Follow-up Telescopes: the Chinese-
Ground Follow-up Telescope (C-GFT), and the French-Ground Follow-up
Telescope (F-GFT), aka COLIBRI (Basa et al., 2022), respectively located in
China and Mexico.

We focus here on the Franco-Mexican robotic telescope COLIBRI, oper-
ating from the Observatorio Astronémico Nacional in San Pedro Martir. The
telescope is designed to quickly point transient sources upon alert and to make
images of the error box at near infrared and visible wavelengths. The speci-
ficity of COLIBRI is the availability of an infrared channel equipped with a
camera, called CAGIRE, housing a low noise large area European detector,
called ALFA.

1.2 CAGIRE performances overview

CAGIRE is a 2k x 2k scientific camera sensitive in the near infrared, covering
wavelengths from 1.1 pm to 1.8 pm. At the focus of the COLIBRI telescope,
the camera will acquire images in two photometric channels (J & H) within
a square field of view of 21.7 arcmin on a side, to cover the error boxes of
ECLAIRs. Before describing the camera, we provide a summary of its main
characteristics and performance in table 1.

The main goal of this paper is to provide useful reference material for the
potential users of CAGIRE data. It is organised as follows: section 2 describes
the architecture of the camera, its optics, mechanics and electronics equipment,
section 3 presents the detector, and section 4 the operations of the instrument.
The calibrations and characterisations are briefly discussed in section 5, and
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section 6 presents an image simulator incorporating known detector effects. Fi-
nally, sections 7 and 8 respectively introduce the automatic data preprocessing
and its validation with simulated ramps.

Parameter Value
CAGIRE parameters

Field of view 21.7

Sky pixel size 0.65”

Wavelength range 1.1pm to 1.8pm

Photometric channels J and H

Sky background expected 160 e-/s/pix (J)

1250 e-/s/pix (H)
Maximum attainable redshift size z~ 11
Vacuum autonomy >6 months

Image processing duration (time since trigger) <5 min
ALFA detector parameters (see also section 5.1)

Operating temperature 100K

Readout noise T 40 e-

Dark current 0.004 e-/s/pix at 100K
Diode dynamic range 2 240 ke-

Quantum efficiency 60 %

Inter Pixel Capacitance (IPC) 0.8%

Conversion gain ~ 10 e-/ADU
Operability under flux 99 %

I The readout noise presented here is computed from CDS noise, and has been measured
after correction by the reference pixels, see (Nouvel de la Fleche et al., 2022). Without
correction, we find a readout noise of 55e-.

2 The dynamic presented here is the full dynamic of the diode, measured with CAGIRE
configuration polarisation of the diode, AVy;,4q.=0.6V.

Table 1 Summary of CAGIRE performance

2 Instrument architecture

CAGIRE is composed of three main subsystems (fig. 1): a cryostat behind
a filter selector (CAGIRE in fig. 1), a close electronics, both onboard the
telescope, and a remote electronics located in the control room. We provide
below more details on the instrument’s architecture.

2.1 Design tradeoffs

Using a cooled NIR camera at the Nasmyth focus of an Alt-Azimutal telescope,
like COLIBRI, requires specific tradeoffs discussed in this section.

The most important requirement on CAGIRE is to cover ECLAIRS error
boxes in a single exposure with a 2k x 2k detector. The 21.7’ field of view
of CAGIRE sets the size of the sky pixel to 0.65” on a side. This determines
the expected sky signal, which is expected to reach 160 and 1250 e~ /s/pix in
channels J and H respectively. As a consequence of the optical design described
in section 2.2, the thermal radiation contributes to only a small fraction of the
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sky signal and there is no need to use cold optics for CAGIRE. The instrument
has been designed with the aim of being sky-limited, in the sense that the
main source of background are the Poisson fluctuations of the sky signal. The
instrument internal background, for instance, is below 25% of the sky signal,
and the detector readout noise is smaller than the fluctuations of the sky signal
for exposures longer than 20 seconds in channel J and 2 seconds in channel H.
These values are shown in table 2

channel and time J(1s) | J(20s) | J (60s) || H (1s) | H (20s) | H (60s)
sky 160 3 200 9 600 1 250 25 000 75 000
internal signal 8 160 480 17.3 346 1 038
sky fluctuation 13 57 98 35 158 273
internal signal variation 3 13 23 4 18 32
readout noise 40
Total noise [ 42 ] 7 ] 108 [ 54 [ 164 [ 279 |

Table 2 Expected signal and fluctuations en e-/pix. Numbers in bold indicate cases
where the readout noise exceeds the sky fluctuations

A second requirement concerns the autonomy of the instrument: CAGIRE
should work with less than one maintenance period per 6 months (with a goal
of 1 per year). To achieve this goal the instrument uses a cryocooler that is
continuously running to keep the operating temperature below 100 K and relies
on passive cryo-pumping to maintain the vacuum. With an aim of reliability,
the instrument has few moving parts: two translation stages, a warm shutter
and a linear motion stage. The warm shutter is closed during the telescope
repointing, in order to prevent bright stars from illuminating the detector. The
first translation stage is used to adjust the focus by moving a lens of the warm
optical bench. The second one moves the filter slide in front of the cryostat.
The linear motion stage is used to push a cold shutter in front of the detector,
isolating it from the instrument and sky signals, allowing to monitor its health
in a controlled environment.

Being at the focus of an Alt-Az telescope, the camera will always move
(during and between the observations), driven by the mechanical derotator of
the telescope. As the derotator cannot support the full weight of the camera
with its electronics, the instrument is divided into two parts: the “onboard
elements” and the distant elements, as shown in figure 1. The onboard ele-
ments are mounted on the main structural unit (hereafter MSU) attached to
the derotator. They include the cryostat, and the close electronics, encompass-
ing the detector front-end electronics and the motion controller. The distant
elements lie in a dedicated room and are connected to the onboard elements
through a cable wrap.

Another tradeoff involved the choice of the wavelength range of CAGIRE.
In order to make the instrument as simple as possible, the wavelength range
has been limited to the J & H photometric channels. This choice implies that
the y channel is covered by the red CCD (Corre, 2018), which has a quantum
efficiency (QE) slightly lower than the QE of the NIR detector.
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Finally, CAGIRE uses a detector loaned by ESA (see Section 3), which
imposed other constraints on the instrument. First, the detector and its cryo-
genic preamplifier developed by the Commissariat a 'Energie Atomique et
aux énergies alternatives (CEA) and inspired from an ESO preamplifier, must
be housed inside the cryostat. Second, the detector control and readout is
done with ESO’s “New General detector Controller” (hereafter NGC Stegmeier
(2013); Baade et al. (2009)), which must not be farther than 3 meters from
the detector and must be onboard the telescope.

The requirement to identify afterglow candidates in less than 5 minutes
puts no specific constraint on the instrument itself, but it has an impact on
its operation as discussed in Section 4.

/ S Close Electronics
/
/ Motion Controller Y
Detector Front- \\
End (NGC) \
Detector Front-
End Power Supply
T
Main Electronics

Environement

Vacuum Controller Lakeshore 336 o
Monitoring

LLey Ctrl/Cmd
(PCNGC) Computer

Figure 1 Schematic diagram of the CAGIRE camera

Power distribution

. Ethernet Switch

2.2 Optical design

As illustrated in Fig. 2, the light arriving from the telescope goes through the
Warm Optical Bench (WOB), described in Fuentes-Ferndndez et al. (2020),
Farah et al. (2022) and Langarica et al. (2022) before entering the cryostat.
The WOB focuses the light onto the CAGIRE detector and eventually blocks
the light beam when the telescope is moving. The light then crosses a warm
silica filter selecting the desired photometric channel: J or H. A filter selector
attached to the cryostat allows to switch between the two filters in less than
5 seconds. Inside the cryostat, a cold pupil stops the light coming from the
warm objects located outside of the telescope beam, and a fixed cold filter cuts
all wavelengths longer than 1.8 pm. The light finally crosses a re-imaging cold
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imager at Nasmyth station
)

COLIBRI ' DDRAGO WOB CAGIRE '

[ 13

Figure 2 Optical path to CAGIRE, internal document, Jorge Fuentes and Rosalia Lan-
garica

lens (L12 in figure 3) before getting to the detector. Carefully designed optical
baffles prevent stray light to reach the detector. If needed, a cold shutter can be
can be placed in front of the detector to put it into darkness. It is used during
engineering periods and not during normal operations. All these elements are
presented figure 3.

2.3 Mechanical structure

The WOB, the cryostat, and the close electronics are mounted on the MSU
(Langarica et al., 2022). The cryostat is mounted on the MSU thanks to a
removable plate and an alignment stage allowing to adjust the camera position
and orientation along 5 degree of freedom (see figure 3). The close electronics
includes the detector front-end and its power supply, the motion controllers
for the filter selector and the cold shutter, and various environmental probes,
placed inside a standard 600 mm wide electronic rack. The cryocooler and the
remote electronics are located in the control room, and described in section
2.5.2.

The cryostat with all its parts will be assembled beforehand and then
mounted on the alignment stage. Various analyses of the alignment stage and
the cryostat have been conducted. They include a static analysis to estimate
the impact of gravity on the detector’s position inside the cryostat, and a
vibration modes analysis in order to minimise the response of the camera to
the cryocooler vibrations. The displacements measured during these tests are
smaller than the optical tolerance, with a maximum lateral displacement of
£225 pm, smaller than the requirement of £360 pm.

Additional studies involved the displacement of the detector during the
movements of the telescope and a thermo-mechanical analysis to simulate the
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Filterselectord/H === A fp—aBe o~ — - — — — — — A
Window
Cold pupil
Cold filter
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Alignment stage
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Detector

Pre-amplifier

Cold shutter actuator @

Cold head of"
the cyocooler

Figure 3 Layout of the CAGIRE camera

stress on the structure and the changes of the position of key elements due
to thermal expansion/contraction. A maximal contraction of £300 pm has
been observed for some non-optical parts like the pre-amplifier, because of
their material, but these parts are mounted on flexible attachments which will
absorb the deformation. No significant stress is to be expected in the assembly
due to temperature.

2.4 Cryostat

As the detector selected for CAGIRE operates at a temperature of 100 K, a
cryostat is needed to ensure nominal performances. However, the location of
the camera on a fast-moving alt-az robotic telescope leads to some constraints,
such as the need to provide passive cryogenic vacuum for at least 6 months
without pumping, or the rigidity and mass budget of the cryostat. The cryostat,
schematically presented in fig. 4, is composed of a vacuum vessel in aluminium,
which houses the optical baffles, the cold filter, the cold shutter, the L12 lens,
the detector and the pre-amplifier. It is fitted with a window to let the light
enter. All the cold components are thermally linked to the cold finger connected
to the cold head, itself connected to the cryocooler located in the control room
thanks to 38 meter long gas pipes. This allows to cool the cryostat to below
100K, with low vibrations. Various connectors, positioned on a single plate,
allow electrical connections to the warm electronics. The cryostat also hosts
temperature and vacuum probes, as explained in section 2.5.2.
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cold filter
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Figure 4 Thermal and electrical model of the CAGIRE cryostat

2.5 Electronics
2.5.1 Acquisition chain

The detector is controlled by the New General Controler (NGC), developed
by the European Space Organisation (ESO) (Stegmeier, 2013). The NGC is
composed of a Detector Front-end Electronics (DFE) powered by a Detector
Front-end Power Supply (DFPS), both located in the close electronic rack,
and of a control computer, the Linux Local Control Unit (LLCU), located
in the control room and linked to the DFE with an optical fiber. The DFE
encompasses various electronic boards, with specific roles to provide the clocks
and voltages required to configure and read the detector (CLDC: Clock and
DC voltage generator) and to convert the analog video signals from the 32
output channels of the pre-amplifier into numerical values encoded over 16 bits
(ADC: Analogue to Digital Converter). The clock patterns and biases levels
can be defined by the user in dedicated configuration files. Acquisition requests
go through the Linux Local Control Unit (LLCU) and are translated for the
detector by the Detector Control Software (DCS). What is called hereafter the
detection chain is thus composed of the detector (detection layer and readout
circuit), the pre-amplifier (PA) and the NGC. A diagram of the detection chain
is given fig. 5. The preamplifier (PA) has been developed by the Institut de
Recherche sur les lois Fondamentales de 1'Univers (CEA-IRFU). It has a gain
of 4 and in normal science operation this adds no significant noise to the signal.
The PA can operate from ~50K to ~ 300K.
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Figure 5 Detection chain diagram. As presented in figure 1, DFE and DFPS are mounted
on the telescope while the LLCU is located in the control room, below the telescope

2.5.2 Motion and environment controls

CAGIRE electronics includes various subsystems that control the environ-
ment or move the components of the camera. They are listed below, and are
represented in the electronics architecture diagram in annex A.1:

Environmental probes include temperature, humidity, barometric pressure
and luminosity sensors from Embedded Data Systems. These probes, located
on the cryostat and in the close electronics rack, are connected, through a
”71-Wire server”, to the environmental monitoring server located in the the
control room.

The detector and the pre-amplifier are maintained at a low temperature
with a cold head connected to a cyrocooler located in the control room.
The cryostat internal temperature is monitored to better than 0.01 K by a
controller from the Lakeshore company.

Pressure measurements are done with a Pirani gauge with a cold cathode
able to measure pressure over a broad range, from 10~ hPa to 103 hPa. This
gauge is read through a vacuum controller located in the main electronics
rack, in the control room. Its data are collected via RS485 communication,
and then converted to go through the Ethernet network.

The filter selector is a unidirectional motorised stage mounted on the cryo-
stat. It has a repeatability of 0.5 pm, which is needed to reposition the filters
at the same position each time. To meet COLIBRI requirements, it is also
fast, with a speed of 50 mm/s, allowing to change the filter in about 2 sec-
onds. It is controlled by a motion controller located in the close electronics
rack, on the telescope.

The cold shutter is moved by an actuator located on the cryostat. It is
controlled by a motion controller located in the close electronics rack, on
the telescope.

The rack in the control room also houses the LLCU (NGC computer, see
2.5.1), the inverter generator (UPS) from Schneider company, and the power
distribution unit.

The cryocooler is located next to the rack, still in the control room.
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2.6 CAGIRE software

The CAGIRE software aims to set the camera in the observing condition
requested by the Telescope Control System (TCS). To achieve this objective,
the CAGIRE software is able to:

® Check the environmental conditions outside the cryostat (temperature,
humidity, pressure, luminosity).

Cool the cryostat.

Monitor the vacuum.

Ensure the detector security (power and reset configuration).

Control the motorised stages (Filter selector, cold shutter).

Initialise the detector and the detection chain.

Set the acquisition configuration required by the TCS (e.g. number of
ramps).

To complete these actions, the software is able to communicate with var-
ious devices and to drive them as necessary. These communications use the
JSON-RPC 2.0 protocol, based on JSON files, the software being the client of
various servers associated with different devices, as shown in figure 6. When
CAGIRE is in its operational configuration, the instrument is ready to respond
to requests from the TCS. The communication goes through the CAGIRE
software, which is the only link between the instrument and the TCS. The CA-
GIRE software, developed in JAVA language, is also equipped with a visible
human interface, the IHMI (Interface Homme-Machine Ingénierie or Engineer-
ing Man-Machine Interface), giving a control on the different features listed
at the beginning of this section. Figure 6 provides a diagram of the CAGIRE
software, running in the CAGIRE computer, and its connections to the various
devices.

The devices monitored by the software are either hardware equipment
(LLCU, environmental probes, motorised stages) or software developed in JU-
LIA language, like the various device servers and the Pre-processing pipeline.
This pipeline will be presented section 7.

Finally, when CAGIRE receives a request from the TCS or through the
THMI, the software checks the status of the sub-systems (motors, environmen-
tal probes, LLCU), launches the acquisition and, at the end of the acquisition,
launches the preprocessing of the ramp. The raw data and the pre-processed
images are then stored and made available to the TCS.

3 The ALFA detector

CAGIRE uses a new 2k x 2k European detector with low noise and high
quantum efficiency in the short infrared wavelength (SWIR), called ALFA, for
“Astronomy Large Format Array” (Weber et al., 2019). The ALFA program,
initiated in 2010 and funded by ESA, is supported by the ANR labex FOCUS
(Agence Nationale de Recherche Frangaise), and aims at responding to the
need of developing a European large sensor array in Near Infra-Red (NIR) for
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Figure 6 Software architecture. The CAGIRE software is located in the CAGIRE computer
and interacts with the severs of various devices

space astronomical applications (Gravrand et al., 2022). The first batch of four
ALFA sensors included a sensor with excellent performance which has been
selected to equip the CAGIRE camera (Gravrand et al., 2022).

The Astronomical Large Format Array (ALFA) sensor is an hybrid detec-
tor, based on the MCT (Mercury Cadmium Telluride) technology developed
at CEA-LETI (fig.7, left). The detection layer is hybridised thanks to indium
bumps on a Read-Out Integrated Circuit (ROIC) manufactured by the French
company LYNRED. The readout is performed through a Source Follower per
Detector (SFD) readout circuit, allowing to read very low signals while contin-
uously accumulating charges. The sensor is composed of 2048 by 2048 pixels
of 15 pm pitch, of which 2040 x 2040 are active pixels. These active pixels are
surrounded by a ring of pixels under permanent reset and a ring of reference
pixels, with the same electronics as the active ones, but not sensitive to light.
The latter can be used for ROIC noise reduction and offset correction. Finally,
some test pixels with fixed capacitance can be used, for instance, to evaluate
the capacitance of active pixels.

The detector covers a spectral range extending from 0.8 to 2.1pm
(Gravrand et al., 2022). This range covers the J and H photometric bands,
but in the case of CAGIRE, it justifies the need of a cold filter to block wave-
lengths longer than 1.8 pm that would otherwise increase unwanted signal on
the detector. The sensor needs to be cooled at 100 K, and thus will be located
into a cryostat. The ALFA sensor, because of its SFD structure (see fig.7), al-
lows to work in a non-destructive mode, called ”Up the Ramp”. It means that
the amount of charges accumulated in the pixels can be read many times be-
tween two resets, building ramps of signal whose slope is proportional to the
flux received by the pixel.
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Among the various readout modes available, CAGIRE will use the 32-
channel science mode, with a 100 kHz readout. In this mode, each pixel is read
every 1.33s, providing a temporal resolution of 1.33s. This mode also enables
more flexibility to process the data after their acquisition, and does not lead
to data rate issues because of the localisation of the telescope on ground. It
nevertheless requires a special management of the data to get astronomical
images, this is the role of the preprocessing pipeline described in section 7.

The polarisation voltages selected for the detector combined with the de-
tection gain and the gain of the preamplifier give a conversion factor of about
10 e-/ADU. The Analog to Digital Conversion is encoded over 16 bits. The
diode full dynamic, of ~ 240 000 electrons, is encoded on 24kADU, with a
typical signal between ~29.5 and ~53.6 kADU, representing respectively the
median bias value and the median saturation level. We notice a linearity bet-
ter than 5% over the first 70% of this range. More detailed performances of
the detector can be found in section 5.1 and in (Fieque et al., 2018).

%Incdem IR
¥ AR coating

MCT detection layer N y Detection

ﬁ cT cireuit

|
|
~ ! | -
i | |Row and line
- - |shift register: “{

sl ROIC i

passivation

Output

| Per pixel

_________________________________

Figure 7 ALFA ROIC and diode schematics - adapted from Gravrand et al. (2022)

4 Operations

CAGIRE is designed to be an instrument that is both autonomous and simple
to operate. The autonomy relies on two features: first, CAGIRE monitors its
own status and is able to switch off automatically and go to safe mode in case
of a problem, and second, the operation of the instrument is sufficiently simple
to be fully automated.

This choice of simplicity started with the decision to use a single readout
mode, the science mode with 32 output channels, which drives the observing
mode of CAGIRE. Upon reception of a request from the Telescope Control
System (TCS), CAGIRE executes the following sequence : select the filter,
configure the acquisition with the requested number of frames, start and stop
the acquisition, preprocess the data and make them available to the TCS, and
wait for the next request. This sequence can be interrupted at any time by the
TCS, for instance upon arrival of a high-priority alert. Upon request, CAGIRE
can also send its current status to the TCS.
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CAGIRE is thus a “passive instrument”, with no memory and no context
(beyond its own configuration status). No memory means that CAGIRE deals
only with the current exposure, keeping no memory of previous exposures (to
the exception of the map of saturated pixels used for the management of short-
term persistence, as explained in section 7). No context means that CAGIRE
uses no contextual information, like the pointing direction, the type of exposure
(flat or sky), or the dithering strategy, when doing an observation. In the end,
the complexity is transferred to the TCS, which is in charge of commanding the
observations, and to the astronomy pipeline, which is in charge of data analysis.
As an example, the dithering strategy will be managed (1) by the TCS to plan
the observations and (2) by the astronomy pipeline to reconstruct the images.
In this way, a dithering sequence has no impact on CAGIRE observations.

5 Characterisation

Getting the best from a detector like ALFA requires a detailed knowledge
of its properties. This is the goal of detector characterisation. In the case of
CAGIRE, the characterisation of the camera is divided into three phases.

First, the CEA/IRFU performed a precise characterisation of the detec-
tor for ESA, who is the proprietary of the detector. In a second phase, the
CAGIRE detection chain will be tested at the Centre de Physique des Par-
ticules de Marseille (CPPM), using a configuration representative of CAGIRE
in terms of voltage biases, exposure times or illumination levels. This phase
has two mains goals: evaluate the detector response in a controlled environ-
ment and in CAGIRE configuration, and acquire the different maps needed
for the preprocessing of images (see section 7). The third and last phase is the
characterisation of the fully integrated camera at the Institut de Recherche en
Astrophysique et Planétologie (IRAP).

5.1 Detector characterization at CEA-IRFU

As the detector is ESA owned, the agency contracted CEA-IRFU/DAp to
characterise the sensor according to ESA specifications. CEA developed differ-
ent benches presented in (Pichon et al., 2022a), to measure the characteristics
required by ESA. Among them, the dark current, readout noise, linearity, con-
version gain, Inter-Pixel capacitance (IPC) and Quantum Efficiency (QE) have
been measured on the ALFA detector selected for CAGIRE.

Table 3 shows some important parameters measured at CEA, on the detec-
tor selected for CAGIRE. Except for the quantum efficiency, which is slightly
lower than expected, these measurements are compliant with CAGIRE require-
ments. The dark current is negligible compared to other noise sources, IPC
presents the expected values, and the linear dynamic range is large enough to
avoid saturating the camera too quickly. The readout noise is higher than ex-
pected but this is not an issue since it becomes smaller than the Poisson noise
of the sky signal for exposures longer than 17s in J and 2s in H. Furthermore,
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this value will be reduced by ~ 20-25% after removing the common mode noise
with the reference pixels (Kubik et al., 2014).

The interested reader can find more information on these measurements in
(Gravrand et al., 2022), (Pichon et al., 2022a) and (Pichon et al., 2022b).

Parameter Mean value over
the detector

Dark current 0.004 e-/s/pix at 100K

Readout noise’ 40 e-

Diode dynamic range 2 240 ke-

Quantum efficiency 60 %

Inter Pixel Capacitance (IPC) 2.3 %

Conversion gain ~ 10 e-/ADU

Operability under flux 99 %

I The readout noise presented here is computed from a CDS noise, and has been measured
after correction by the reference pixels (see (Nouvel de la Fleche et al., 2022). Without
correction, we find a readout noise of 55e-.

2 The dynamic presented here is the full dynamic of the diode, measured with CAGIRE
configuration polarisation of the diode, AV;,q.=0.6V.

Table 3 Table of the main characteristics of the detector

5.2 Calibration of the detection chain at CPPM

These tests aim at measuring the behaviour of the CAGIRE detection chain
(detector, pre-amplifier and NGC) under CAGIRE conditions (bias voltages,
readout mode, signal level...). They will also allow to obtain the calibration
maps (bad pixels, saturation level, linearity...) for the preprocessing pipeline.
They are divided into three steps.

The first step involves the choice of an optimal configuration in terms of
bias voltages and number of resets at the beginning of a ramp.

In a second step various tests in darkness will be conducted, with the
measurement of the readout noise and of the correlated double sampling (CDS)
noise, the identification of hot or erratic pixels and the dark current map. Hot
pixels are identified by their abnormally high signal in the dark current map,
while erratic pixels have a signal abnormally dispersed.

The third step relies on the uniform illumination of the detector with LEDs
at two different wavelengths, close to the J and H bands centre (1250 nm and
1630 nm). This step will allow to measure the saturation level, the Photo Re-
sponse Non-Uniformity (PRNU), the ramp non-linearity and the conversion
gain on ”superpixels”, but also to identify cold pixels and erratic pixels. Cold
pixels are defined by their abnormally low signal under illumination. The de-
tector will be illuminated with different levels of flux, corresponding to a signal
varying between 80 e-/s/pix to 10000 e-/s/pix, in order to measure the flux
non-linearity and the impact of persistence.



Springer Nature 2021 BETEX template

16 CAGIRE

The persistence will be studied by alternating illuminations at low flux,
close to the expected the sky background (~160 e-/s/pix in J), and illumi-
nations at large flux, from 250 e-/s/pix to 50000 e-/s/pix, with the aim of
measuring the amplitude and decay time of the persistent signal, for various
excitation levels.

At the end of these tests, the detector will be delivered to IRAP, where it
will be integrated into the cryostat.

5.3 Calibration maps for simulations and the
preprocessing pipeline

Some of the characteristics measured by CEA-IRFU are needed to build realis-
tic simulations of the instrument (section 6) and to construct the preprocessing
pipeline (section 7). Theses characteristics will be measured at CPPM with
CAGIRE configuration before to be implemented on the pipeline. They are
presented below.

5.3.1 Bias and saturation maps

The bias calibration map will be measured during characterisations at CPPM.
Figure 8a presents a preliminary bias map constructed from measurements
done at CEA, which shows that the bias typically varies from ~ 27 to ~ 31
kADU.

The saturation level is the signal reached when the potential well of the
pixel is full. It is measured by illuminating the sensor until it reaches a constant
signal (figure 9a). A map of this saturation level is given in figure 8b. With a
typical bias of ~ 29000 ADU and a dynamic of ~ 23500 ADU (cf. section 3),
the saturation is reached around a median value of 52500 ADU.
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Figure 8 a. Bias map (left) and saturation map (right) in ADU.
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5.3.2 Non-linearity

The ramp non-linearity measures the deviation of a differential ramp® dy,
measured under constant illumination, from a constant (fig. 9). Fitting the dif-
ferential ramp with a linear function, di = Ag + Ay X k, where k is the frame
number, yields two coefficients: Ay and A; respectively representing the offset
and the negative slope. This fit is done on the first 70% of the pixel dynamic
range. This threshold allows to fit the ramp in its most linear part, where the
deviation from linearity is typically below 5%. The measurement of the devi-
ation from linearity and the estimation of this range is describe in Nouvel de
la Fleche et al. (2022). This fit is illustrated in figure 9b.

Following Nouvel de la Fleche et al. (2022), we define the non-linearity
coefficient v as:

A1
= — 1

- real signal
55000 linear sllgnal
-—- saturation

200- o0 t. - differential ramp
Blae 0% 0 estimated signal

50000

45000

40000 /

35000 d

| (ADU)
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differential signal (ADU/frame)
=
1
3

30000{
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Figure 9 a. Experimental ramp (blue point), linear extrapolation of the beginning of the
ramp (orange) and saturation level (dashed red line) (left) and b. Differential ramp (blue
points) and its linear fit (orange line) (right).

This measure of non-linearity is a small negative quantity, which is inde-
pendent of the signal and has units of ADU™!. v encodes the relative loss of
signal from one frame to the next under constant flux illumination, and (1 — ~)
may be interpreted as the relative increase of flux that is needed to produce the
same signal from one frame to the next. From the measurements done, the me-
dian value of the non-linearity coefficient defined this way is v = —6.5 x 1076,
An histogram of this coefficient is given in panel a of figure 10 and a map in
panel b. A more detailed procedure of the signal measurement with the use
of the non-linearity coefficient is given in section 7 and in Nouvel de la Fleche
et al. (2022).

'The differential ramp is the ramp made by the succession of the differences between two
consecutive frames.
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Figure 10 a. Histogram of the non-linearity coefficient, v ,defined in section 5.3 (left) ; b.
map of the non-linearity coefficient v (right)

5.3.3 persistent signal

The persistent signal is the signal measured in darkness, in excess of the dark
current, after a controlled illumination and various resets of the sensor. As
shown by Le Goff et al. (2020), P(t), the integrated persistent signal at time
t can be fitted with a sum of 3 exponentials, as in equation 2. A graph of the
integrated signal P(t) for an illumination at 200% of the saturation level is
given figure 12.

o i) i-en(-2)] 4 e ()]

Pt)=Pi+P+P; (2)

The 6 parameters vary from one pixel to the next and their maps have
been computed for different illuminations levels, during tests at CEA-IRFU.
Moreover, the amplitude parameters A;, As and A3 depend on the illumination
level. The distributions of the amplitudes and time constants of the persistent
signal are shown in figure 11, for an illumination at twice the saturation level,
suited for our simulations purpose.

The impact of persistence is illustrated in figure 12 showing the evolution
of the integrated persistent signal after an illumination at twice the satura-
tion level, at t = 0. The pink vertical segments represent the persistent signal
accumulated during a 60s long exposure taken at various times after the illu-
mination (from 0 to 4 minutes). The persistent signal can be compared with
the sky fluctuations, which amount to ~ 300 e- for a 60s long exposure in
J band (30). Figure 12 shows that, only for the ramp immediately following
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Figure 11 a. Histogram of the amplitude coefficients Ay, Ag, As of persistence defined
in equation 2 (left) and b. Histogram of the time constants of persistence (in logarithmic
scale) defined in equation 2 (right)

the illumination, the persistent signal dominates over the sky noise, and must
be taken into account. Conversely, an illumination at t = 0 will not strongly
affect exposures taken more than 1 minute after the illumination.

5.4 Calibration of the camera at IRAP

After the characterisation of the detection chain at CPPM, the whole camera
will be integrated and characterised at IRAP.

5.4.1 Anticipated tests

Before carrying out the integration of the camera, several preliminary valida-
tions are performed, to validate each block of the camera:

® Measurement of the conversion gain of the NGC alone and of the NGC
linked to the pre-amplifier.

® Check of the temperature range supported by the NGC, and adaption of
the rack to make it work between -15°C and 35°C (external temperature at
the San Pedro M4rtir observatory).

e Adaptation of the NGC configuration files to CAGIRE needs.

e Test of the readout chain (NGC+PA+ROIC) on the telescope, to verify
whether electromagnetic interferences impact the readout chain. This test
was made possible thanks to the presence of the telescope at “Observatoire
de Haute Provence” (OHP) for calibration. No specific noise resulting from
the telescope motorisation was detected during this test.

¢ Validation of the cryocooler performance over long periods of time (several
months).

e Unitary controls of optics quality (dimension, curvature, coating).
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Figure 12 Integrated persistent signal versus log(time), after an illumination at twice the
saturation level, at t = 0s. The total signal in electrons, P(t) is plotted with red stars.
The blue diamonds, the orange crosses and the green triangles are respectively the first,
the second and the third components of equation 2, P1, P2 and P3. The pink vertical lines
represent the persistent signal accumulated during one 60 s acquisition, ending at times t =
60s,t = 120s, t = 180s, t = 240s and t = 300s. This height must be compared to the dark
lines representing the sky noise (30) in J channel for a 60s exposure, allowing to evaluate
the significance of the persistent signal.

® Development of a star projector to simulate point sources on the detector
and to validate the alignment procedure.

After the reception of the detector and the cryostat at IRAP, the whole
camera will be integrated and characterised.

5.4.2 Camera integration and validation

The validation of the whole camera involves various activities and measure-
ments. Crucial activities include the integration of the detector into the
cryostat, the validation of the cryocooler performance (the capacity to reach
the required temperature at the detector), the verification of the vacuum
tightness of the cryostat and the validation of the alignment procedure.

Following the instrument integration, several measurements will permit the
detailed characterisation of various features of the camera. The list includes:
the dark level measured with the internal cold shutter; the flatfield with the
help of an external blackbody placed in front of the camera; the thermal emis-
sion inside the cryostat with an external cold screen in front of the camera; the
response to point sources with a specially designed star projector; the impact
of the J and H filters on the camera focus; and the verification of the spectral
range of the camera with a monochromator.
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The end of the camera Assembly Integration Test / Assembly Integration
Validation (AIT/AIV) will be validated by the Delivery Test Review, planned
in the first quarter of 2024. This review will allow the delivery of the camera at
the National Astronomical Observatory in San Pedro Mértir, Mexico (OAN-
SPM), where it will be mounted on the telescope. Before the installation of
CAGIRE, the telescope will operate with mass models of the cryostat and
of the close electronics attached to the Main Structural Unit to balance the
telescope and allow its operation with the two visible cameras.

6 Image simulation

We present here a simulation tool that produces realistic CAGIRE ramps.
Such simulated ramps have been used to test the preprocessing pipeline, to
estimate the performance of the camera and to adapt the observing strategy.

The simulation is based on an Image Simulator (IS), developed by D. Corre
(Corre et al., 2018). This IS aims at computing realistic images, taking into
account catalogs of the sky, the impact of the atmosphere, the telescope and
detector response, and the impact of cosmic rays. The computation is based
on an Exposure Time Calculator (ETC) also designed by D. Corre. This ETC
provides, among others parameters, the zero-point of CAGIRE at the focus of
COLIBRI, calculated from the telescope characteristics, the site parameters
and the detector characteristics.

The Image Simulator has been adapted with the real characteristics of
CAGIRE, by adapting the telescope and detector input files with the charac-
teristics of CAGIRE. One significant adaptation was the production of ramps
representative of the ”Up-The-Ramp” operation mode of CAGIRE. We also
customised the sky, environment and detector description as described below.

The NIR sky considered in the simulator uses the sky background com-
puted by the ETC and stars from the 2MASS catalog (Cutri et al., 2003). A
notable evolution is the possibility to add a decaying GRB, whose signal is
computed for each frame of the ramps, while simulating the ”Up-The-Ramp”
mode. The description of the environment is limited to the addition of cosmic
rays, whose impact is modelled by a number of additional counts in randomly
chosen pixels. Considering the detector, we take into account the following
effects: the dark current, the (non-uniform) response to photons measured
through QE measurements, the detector’s cosmetic (dead pixels and hot pixels
identified during calibrations at CPPM), the interpixel cross-talk (measured
by CEA-IRFU), the ramp and flux non-linearities, the persistence from the
previous acquisition and the readout noise. The flux non-linearity will not be
detailed here as its calibration has still to be conducted. The simulation fi-
nally adds the photon statistics, converts electrons to ADU (Arbitrary Data
Unit), adds the bias, and takes into account the saturation level of each pixel.
The simulation of some of these effects uses calibration maps measured during
the characterisation of CAGIRE, which have been described in the previous
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section. A diagram of the steps involved in the simulation of one frame of the
ramp is given fig. 13, and described in 6.1.

The overall process depends on the exposure time Teyp, of each frame, which
is a multiple of 1.33s. To compute a full ramp, the simulation of one frame is
repeated, with Tey, increased by 1.33s at each frame. The succession of these
frames makes the ramp.

6.1 Simulation parameters

We will describe here the succession of the different steps of a simulation.
Before to launch a simulation, the user can choose some parameters, listed
hereafter :

e The photometric channel studied bands = [’J’ or "H’].

¢ The sky region to simulate with the central coordinates: RA;,q4.=[degrees];
DEC;nage=[degrees].

® The exposure time of the total ramp, in seconds.

e If the user want to simulate a GRB, he needs to specify the GRB to simulate
to import the information from the GRB database we have created. This
database contain the magnitude of the GRB versus time, and its position.

e If a GRB is simulated, the image will be centred around a random position,
at a maximum of 0.16° from the simulated GRB, to be sure to simulate the
GRB inside CAGIRE field of view.

® The time between the burst detection and the start of the observation by
the telescope, in seconds.

Then, the simulation can be launched. The different steps of the simulation
are identified in figure 13, by a small number at the bottom right of each
box. The input parameters (or maps) of the simulation are shown inside pink
boxes in figure 13. Most of them have been measured during the detector
calibration. The central boxes represent the different steps of the simulation,
regarding the telescope effect (blue) the detector effects in electrons (orange)
and the detector effects in ADU (green). The main goal/effect of each step is
summarised in the list of words at the right of the diagram.

We will now detail more specifically some steps mentioned in the dia-
gram : the GRB simulation, the Non-linearity simulation and the persistence
simulation.

6.2 GRB simulation

The first step of the simulation is the computation of the signal of simu-
lated sources at each frame. For constant sources, a constant signal is added.
For GRBs, their magnitude is estimated at the time of each frame and the
corresponding signal is added, allowing varying light-curves.

In order to test the sensitivity of CAGIRE to high-z bursts, we have created
a database of several GRBs with a redshift greater than z=>5, detected in the J
and H channels over the past few years. We compute their light curves from the
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first detection up to 1 day after the first detection. Thanks to this database,
when a GRB is added to a simulated map, the signal of the GRB is updated
at each frame.

6.3 Simulation of ramp non-linearities

The simulation of ramp non-linearities is based on the coefficient of non-
linearity, =y, which measures the linear deviation of a differential ramp dy,
measured under constant illumination from a constant signal. Using this co-
efficient ~y described in section 5.3, the signal S, accumulated at frame k of
a simulated ramp can be expressed by equation 3, with ag the slope of the
simulated ramp.

kx(k+1

For a linear ramp, S would be equal to the first term agk. The second
term of equation 3 is negative, it represents the departure from linearity due
to the ramp non-linearity.

6.4 Simulation of persistence

The simulation only deals with persistence caused by previous illuminations
and does not address the persistence due to the ongoing illumination, which
is taken into account by our modelling of the flux non-linearity. We describe
here steps 3 and 8 of the diagram in fig. 13.

While most of the simulated effects are well known, persistence remains dif-
ficult to calibrate and thus to simulate. Our simulations rely on two elements:
the identification of saturated pixels in previous exposures and the application
of a model describing how the persistent signal evolves with time. This model,
which has been constructed by CEA-LETT (see section 5.3), describes the per-
sistent signal P(t) with a sum of 3 exponentials (eq. 2), with typical decay
times of 15 - 150 - 1500s and amplitudes adjusted to reproduce the observed
persistent signal of each individual pixel (measured in darkness after a con-
trolled illumination, Le Goff et al. (2020)). While this model depends of the
full history of previous illuminations, we consider here two simplifications: the
persistent signal is computed for an illumination at two times the saturation
level and only for pixels saturated in the immediately preceding exposure. The
first simplification is justified by the measurements done at CEA, which have
shown that above two times the saturation level, the amplitude of the satura-
tion does not change much. The second simplification is justified by the rapid
decrease of the persistent signal with time, which reduces the impact of persis-
tence when the saturation occurs before the previous ramp. This is illustrated
in figure 12, which shows that after 1 minute (~ one ramp) the persistent sig-
nal is below the sky fluctuations. Saturated pixels are identified during the
immediately preceding simulation, as shown in step 3 of the diagram in fig.
13. Knowing the saturated pixels, their persistent signal can be computed for
each frame and added to the simulated ramp.



Springer Nature 2021 BETEX template

CAGIRE 25

For a given pixel, the persistent signal depends on the time elapsed since
the end of the previous ramp, of the ramp duration, and on the 6 coefficients
describing the 3 exponentials used to model the persistence.

To conclude, the simulations are important tools to understand the impact
of detector effects in CAGIRE images, but also to test the pipeline presented
in section 7. The time needed to complete a simulation depends mainly on
the length of the ramp and of the number of sources simulated. Typically,
simulating a 60s ramp on a sky region with 200 sources takes ~10 min on a
PC. The simulations will continue to evolve, and become more reliable with
the calibrations to come at CPPM.

7 Preprocessing pipeline

One goal of COLIBRI is the fast identification and accurate localisation of
GRB afterglows, within a delay of 5 minutes. This requirement has strong
implications on the operation of the telescope in general and CAGIRE in
particular. One of them is the need to provide clean images to the astronomy
pipeline, quickly after the acquisition of a ramp.

This is the role of the preprocessing pipeline (hereafter Preproc), which con-
verts raw ramps into images corrected for various detectors and environmental
effects. The main issue for this pipeline is to quickly process 4 millions of pixels,
with their own individual response, before the end of the next acquisition.

The pipeline is composed of 6 main steps illustrated in fig. 16, some of
them using pre-existing calibration maps:

® The completion of the fits headers of the NGC ramp, produces the so-called
Raw ramps.

® The identification of saturated pixels, with the help of a “saturation level”
calibration map. This produces a binary map of saturated pixels.

® The correction of each frame of the ramp from common mode noise and
offsets thanks to the reference pixels, leading the corrected ramp.

® The construction of the differential ramp by subtracting two consecutive
frames of the corrected ramp.

® The identification of pixels impacted by cosmic rays and the computation of
their signal thanks to their peculiar signature in the differential ramp. This
produces a binary map of pixels impacted by cosmic rays.

® The signal computation, based on the slope of the ramp. This computation
includes corrections for two types of non-linearities: the ramp non-linearity
and the flux non-linearity?. This step uses four calibration maps: the ramp
non-linearity coefficients (section 5.3), the flux non-linearity coefficients, the
map of the saturation level and the offset-subtracted saturation level. It
produces three outputs maps: the signal, the signal variance, and the number

2We call ramp non-linearity, the deviation of counts in a ramp from a straight line. This
deviation is mostly due to the increase of pixel capacitance with the growing number of charges
accumulated in a pixel. We call flux non-linearity, the fact that the linear extrapolation of a ramp
is not exactly proportional to the flux received by the pixel.
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of frames used to compute the signal. This last step is described in more
details in Nouvel de la Fleche et al. (2022).

® Persistence correction. As we have seen in section 6.4, the persistence from
a ramp may strongly impact subsequent ramps. To mitigate this effect, we
propose to compute, for each ramp, the persistence expected from saturated
pixels in the previous ramp. This correction involves two time intervals:
Treset, the delay between the end of the previous ramp and the start of the
current ramp, and Ty, the delay between the end of the previous ramp
and the end of the current ramp. The persistent signal is computed using a
simplified version of equation 2 with only the two first exponentials (smaller
constant time), where 71 and 75 have fixed values: 71 = 15s and 72 = 1505
and calibration maps are used to measure A; and As. The goal of this
simplification is to limit the number of input maps, while keeping sufficient
accuracy of the model on the second to minute timescale. In the end, the
persistent signal S, is computed as the difference S, = P(Ttot) — P(Treset)
for all active pixels, where P(T) represents the persistent signal integrated
up to time T. This signal integrated from T, eset t0 Tioy is then converted
into a signal in e-/s, and subtracted from the signal of the current ramp.
The efficiency of this method is discussed in section 6.4
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Figure 14 Simulated ramps (dotted lines) and associated signal computed by the pipeline
(full lines) for a pixel impacted by a cosmic ray (red crosses), for a simulated GRB (green
diamonds), for a star with a magnitude similar to the GRB one (orange stars), for sky
background (blue points) and for a saturating pixel (purple square). The signal measured
for the sky pixel impacted by a cosmic-ray (red line) is equal to the sky signal (blue line)

The result of the Preproc is shown in Figure 14 for some particular pixels.
This figure illustrates the ability of the Preproc to measure the signal of normal
pixels (in green, yellow, and blue), of saturated pixels (in purple), and of pixels
impacted by a cosmic ray (in red). The images produced by the preprocessing
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are recorded as extensions into a single fits file, which is made available to the
TCS, while the raw ramps are stored in an archive for future use, if needed.
An example of a preprocessed image is presented in figure 15b, next to the last
frame of the ramp in figure 15a, where the signal has been computed from a
simulated ramp of a sky region centered around GRB 090423 ([RA - DEC|=
[148.7834° - 18.167°]).

The validation of the preprocessing has been done with both real and sim-
ulated ramps. Real ramps have been recorded with the RATIR instrument?
(Butler et al., 2012), a camera equipped with two H2RG SWIR detectors from
the Teledyne company. It was possible to use these ramps to test the prepro-
cessing because the ALFA detector is very similar to the H2RG used in the
near infra-red channels of RATIR. The use of simulated ramps to test the
preprocessing is explained in section 8.

In terms of performance, we have demonstrated in Nouvel de la Fleche et al.
(2022) the ability of the preprocessing to quickly process the ramps, nearly
within half the acquisition time of one ramp. The preprocessing is independent
of the acquisition, as it runs on the “CAGIRE computer”, which is distinct
from the acquisition computer (the LLCU, see section 2.5.1). In this way, a
problem with the preprocessing cannot block the acquisition of future ramps.
More information about the preprocessing and its validation with sky images
is given in Nouvel de la Fleche et al. (2022).
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Figure 15 a. Last frame of the ramp (left) and b. Preprocessed Signal ready for the
astronomy pipeline (right). The black arrow points the simulated GRB
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3the Reionization And Transients InfraRed camera.
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Figure 16 Diagram of the preprocessing pipeline. If Step 7 is not done, the signal map of
step 6 is considered as the output
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8 Validation of the preprocessing pipeline

This section aims to analyse the impact of the corrections performed by the
Preproc, such as the use of the non-saturated part of a ramp for signal compu-
tation, the non-linearity correction, the flatfield subtraction, and the correction
for persistence. It relies on a 60s long simulated ramp with the J filter, con-
structed in the field of GRB 090423, detected by GROND at [RA; DEC] =
[148.895° ; 18.6°], with a redshift z = 8.26. The simulation starts 5 min after
the GRB. The corresponding preprocessed image is shown in figure 15b, where
the position of the GRB is indicated with an arrow.

The verification works as follows: the simulated ramp goes through the
Preproc, producing a signal map that is then divided by the flatfield map, and
searched for sources with the Source-Extractor software (Bertin and Arnouts,
1996). These last two operations crudely simulate the work of the astronomy
pipeline. The sources extracted are cross-matched with the 2MASS catalog,
which was used as input, and their magnitudes compared with the catalog’s
ones, allowing to measure the impact of the Preproc. The goal of the crude
analysis presented in this section is not to assess the performance of CAGIRE,
but simply to verify that the preprocessing works properly and produces no
side effect when applied to realistic simulated ramps.

8.1 Overall performance

When we compare the sources extracted in our file with those in the 2MASS
catalog, we obtain 97.5% of good detections and identifications. Five sources
are found by Source-Extractor which are not referenced in the 2MASS cata-
log: they are the simulated GRB and 4 false stars due to the persistence of
saturating sources in the previous exposure (with J magnitudes ranging from
9.1 to 11.1)

Figure 18a presents the comparison between the magnitudes extracted in
our image for the 97.5% of good detections with those of the 2MASS catalog.
This figure exhibits few characteristics features: (i) an overall good agreement
with 2MASS magnitudes and (ii) an underestimation of the flux of some faint
stars with magnitude J > 15, and (iii) a slight over-estimation of the flux for
the brightest stars. We discuss these three points below:

(i) The magnitudes measured on the preprocessed image globally agree with
the input magnitudes. The difference has a median AJ = 0.11 mag and a
standard deviation of 0.33 mag. This difference is due to the choice of a
crude zero-point that is not precise at 0.1 magnitude level.

(ii) After verification, these stars are located on top of a cold or dead pixel.
The cold pixel reduces the signal measured for the star. This effect will be
properly accounted for by the astronomy pipeline, using the calibration map
of cold pixels.

(iii) The brightest stars include pixels reaching saturation within 1 or 2 frames.
This makes the evaluation of the slope difficult for these pixels, and the
signal estimation is less precise.
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Figure 18b presents the comparison between the magnitudes extracted for
a sky region with a higher star density. The field of view is centred around
[RA; DEC] = [214.477° ; -45.411°]. A signal map of this sky region is given
figure 17. Without persistence effect from previous acquisition, we obtain here
100% of good detections. The blue points show the magnitudes obtained with
no correction of the cold pixels (point (ii) discussed above). The orange points
show the impact of a simple correction that replaces the signal of Cold pixels by
the median signal of the 8 pixels surrounding them. Interestingly, this simple
correction significantly improves the situation, giving useful indication for the
astronomy pipeline. The conclusions are the same as for Figure 18a, except
for the stars located on top of cold pixels whose signal has been corrected.
Moreover, the three stars presenting an underestimated magnitude are located
at the edge of the detector, so that their signal is truncated. This second field
of view, (fig. 17) will be our reference for the following sections.

750
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1750 4§
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Figure 17 Signal map of a sky region centred around [RA; DEC] = [214.477° ; -45.411°],
with a higher star density

In the following sections, we discuss the impact of some key steps of the
Preproc, for the construction of the preprocessed image.

8.2 Measuring the signal before the saturation

Measuring the signal every 1.33 s allows to compute the signal of bright sources
with only the unsaturated part of the ramp. We have chosen to fit the differen-
tial ramp up to 70% of the saturation level, for each pixel. To demonstrate the
relevance of this approach, we compare in figure 19 the magnitudes estimated
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reference
—— median difference = 0.11
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Figure 18 Difference between magnitudes estimated by Source-Extractor and 2MASS
magnitudes as a function of 2MASS magnitudes. a. For a field of view centred around [RA;
DEC] = [148.895° ; 18.6°] and b. For a field of view centred around [RA; DEC] = [214.477°
:-45.411°]

with and without knowing the frame at which the signal saturates. This figure
shows that the knowledge of the frame at which the signal saturates allows to
recover the magnitude of bright stars in the range J ~ 9 — 12, whose flux is
significantly underestimated otherwise.

8.3 Correcting non-linearities

The ramp non-linearities are corrected thanks to the non-linearity coefficient
defined in section 5.3. Figure 20 compares the magnitude reconstruction with
(orange points) and without (blue points) considering the ramp non-linearities.
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+  without saturation correction
reference
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Figure 19 Difference between magnitudes estimated by Source-Extractor and 2MASS
magnitudes as a function of 2MASS magnitudes. Orange points are the results computed
with the complete pipeline, presented figure 18(b). Blue stars are the magnitudes computed
with saturated pixels set to saturation. The blue point below magnitude 12 reflect an un-
derestimation of the flux linked to not considering the saturation level in the computation

The points show the difference between magnitudes computed from the sim-
ulated CAGIRE ramp and 2MASS magnitudes, as a function of 2MASS
magnitudes. The sky signal measured on the uncorrected map is more dis-
persed (see figure 21), leading to a loss of sensitivity to faint stars. Indeed,
with our crude parametrization of Source Extractor, 60% of the stars de-
tected beyond magnitude J = 16, are not detected when we do not make the
non-linearity correction.

8.4 Impact of the flatfield correction

Before computing the magnitudes, the signal map delivered by the preprocess-
ing pipeline must be corrected for the flatfield. This correction is obtained by
dividing the signal map by a previously measured flatfield map. The detector
flatfield map is computed with a ramp acquired under uniform and constant
illumination. The signal measured in each pixel is divided by the median signal
over the entire detector, to make the flatfield map.

Figure 22 compares the magnitudes computed with (orange points) and
without (blue points) the division by the detector flatfield. The points show the
difference between magnitudes computed from the simulated CAGIRE ramp
and 2MASS magnitudes, as a function of 2MASS magnitudes. Figure 22 shows
that for magnitudes below J = 17, the magnitudes seem well estimated, but
beyond this magnitude small stars may be missed if the detector flatfield is not
taken into account. 116 stars are recovered in the signal map without flatfield
correction versus 192 when the flatfield correction is applied. Moreover, the
absence of flatfield correction leads to 4 ”false detections”, which disappear
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Figure 20 Difference between magnitudes estimated by Source-Extractor and 2MASS
magnitudes versus magnitudes referenced in 2MASS. Orange points are the results com-
puted with the complete pipeline, presented in figure 18(b). Blue stars are the magnitudes
computed on the signal map computed as the median value of the ramp
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Figure 21 Histogram of the sky signal (slope of the ramp), measured with and without
non-linearity correction. The orange histogram (with circles), refers to the signal measured
by the pre-processing pipeline, including the non-linearity correction described in 6.3. For
the blue hatched one, the signal is simply computed as the median of the differential ramp.

when the flatfield correction is taken into account. Flatfield correction is thus
an essential step before star extraction.

Of course, the flatfield correction performed here is not representative of
the real situation, with CAGIRE at the focus of COLIBRI, because the flatfield
will be very different and it will be processed by the astronomy pipeline, which
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comes after the Preproc. We have discussed it here to illustrate the impact of
the sole detector non-uniformities.

+  without flatfield correction
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Figure 22 Difference between magnitudes estimated by Source-Extractor and 2MASS
magnitudes as a function of 2MASS magnitudes. Orange points are the results computed
with the complete pipeline, presented figure 18b. Blue stars are the magnitudes computed
on the signal map which is not corrected by the flatfield

Finally, we note that the inter-pixel capacitance is not taken into account
by the Preproc. Indeed, its impact on magnitude estimation has been studied
with the conclusion that the cross-talk has no effect on the source detection and
the measure of the magnitude. The mean difference between the magnitudes
computed with cross-talk and without cross talk is only -0.02 mag, with a
standard deviation of 0.1 mag. Compared to other effects, the cross talk has
thus a marginal impact on the image quality.

The analysis of simulated ramps shows the ability of the Preproc to measure
properly the signal received by each pixel, after correction of several effects,
such as the detector non-linearity, the saturated pixels and pixels impacted by
a cosmic ray. We expect the Preproc to provide reliable signal maps for the
astronomy pipeline.

In the next section, we address the impact of signal persistence, and the
possibility to take it into account in the Preproc.

8.5 Impact of persistence on source detection

While persistence in MCT detectors is a truly complex phenomenon, involving
various physical processes (Le Goff et al., 2020), the characterisations made
by CEA-IRFU have shown that it can be satisfactorily modeled with the sum
of 3 exponentials (see Le Goff et al. (2020) and section 6.4). According to this
model, the persistence from bright stars appear as faint decaying signals which
may be confused with a GRB afterglow. Within the context of preprocessing
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CAGIRE images, we use this model to study the impact of saturating stars
on subsequent images. Considering the rapid decay of the persistent signal
illustrated in figure 12, we specifically study the impact of one ramp on the
following one. This limited study aims at verifying whether the persistent
signal from a bright star can be detected in the short duration of a ramp, and
eventually if a mitigation procedure can be constructed for persistence.

8.5.1 The simulation

We simulate two ramps with a varying time delay between the end of the first
ramp and the beginning of the second one. The two ramps cover the same field
of view, with a shift by +0.04 / -0.12 degrees in RA / DEC for the second
ramp (+222 / -665 pixels). The persistence from the first ramp is modelled as
explained in section 6.4. The usual Preproc is then run on the second ramp,
with or without persistence mitigation (cf. section 7, and we check whether
the persistent signal from the first ramp leads to false detections in the second
ramp. To mitigate the persistence, we follow the procedure explained in section
7 to subtract the persistent signal to pixels which saturated in the previous
acquisition.
We simulate various cases:

e Without persistence.

e With persistence and zero delay between the 2 ramps.

e With persistence and a variable delay between the 2 ramps, ranging from
1min to 10 min.

e With persistence, zero delay between the 2 ramps, and a mitigation
procedure.

e With persistence, a variable delay between the 2 ramps, and a mitigation
procedure.

Figure 23 presents the simulated ramps for these 4 cases for a pixel illumi-
nated by a bright star in the first ramp. We see that, after 1 min, the signal
added by persistence has reduced considerably and is within the error bars.
This trend has been confirmed on 4 others pixels, presented in table 4, which
shows the relative impact of persistence on the pixel’s signal compared with
the error on the signal estimation.

This study points out that after 1 min, the impact of the persistent signal
is smaller than the 1o error of the signal estimation for on a single ramp. With
a maximum illumination level of 200%, persistence from a ramp should impact
strongly only the ramp immediately following. However, it also shows that for
two consecutive ramps, uncorrected persistence can lead to false detections.
The mitigation procedure, on the other hand, leads to correct signal estimates,
as shown in table 4. Cross matching the sources identified in our simulated
images with 2MASS does not show unmatched detections when we apply the
persistence correction. To confirm this observation, the relative difference be-
tween the corrected signal and the signal without persistence is indicated in
the last column of table 4.
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Figure 23 Simulated ramps (symbols) and estimated signal (full lines) for a pixel impacted
or not by persistence. Cyan stars represents the pixel signal impacted by persistence with
no delay between the 2 ramps. Red squares, orange points, blue triangles and yellow crosses
represent the signal of the same pixel impacted by persistence with a variable delay between
the two ramps. Finally, green circles represent the signal without persistence and the green
region the 1o error on its estimation

delay Omin Imin 2min Smin 10min Omin 1min 2min
before correction after correction

pixel n°1 21.4% 7.95% 4.0% 5.04% 1.13% - 1.3% 1.6% 0.2%

pixel n°2 8.2% 2.67% 3.17%  1.55% -0.47% 1% -02%  2.5%

pixel n°3 9.1% 1.55% 1.25% 1.29% -0.4% -1.4%  -03%  0.1%

pixel n°4 9.9% 1.69% -2.67%  -2.4% -3.41% -2.3%  -01% -3.7%

pixel n°5 13.2% 4.43% 3.60% 1.33% -0.79% -1.7% 2.6% 2.5%

Table 4 Relative difference between the signal measured with and without persistence,
for different pixels and different time delays between two ramps. Values in bold exceed the
1 sigma error on the signal estimation. After correction, the relative difference is well below
the ~6% relative error on the signal computation (1 sigma)

Based on these simulations, we are thus optimistic on the capability of the
Preproc to provide reliable signal maps corrected from the persistent signal of
the previous acquisition.

8.6 Summary

The construction of realistic simulated ramps was an important step to val-
idate the pre-processing pipeline. We have shown that the preprocessing can
efficiently take into account detector effects, such as the pixel saturation, the
ramp non-linearities and flatfield corrections to produce reliable maps of the
signal received by the detector. These simulations also stressed the need to
take into account the persistence from previous exposure(s) to avoid detecting
false stars.
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While the simulations permit the end-to-end tests of the Preproc and an
evaluation of its performance, they represent an ideal case with respect to the
real detector looking at a real sky through a real telescope. To deal with this
situation, the Preproc contains a number of adjustable parameters that will be
tuned during the commissionning phase of the instrument, in order to provide
clean signal maps to the astronomy pipeline.

9 Conclusion

We have presented the CAGIRE camera, a NIR wide-field imager dedicated
to the follow-up of high-energy and multi-messenger transients in the near
infrared, at the focus of the COLIBRI 1.3 meter robotic telescope. In the
context of the SVOM mission, CAGIRE will provide a crucial link between
the localizations of ECLAIRs and large ground-based telescopes.

The location of CAGIRE at the focus of a robotic alt-azimutal telescope
involves specific adaptations, which justify the camera design. We have pre-
sented the camera optical, mechanical and electric architecture, highlighting
the characteristics of the ALFA detector and its acquisition chain. The first
characterizations presented here have allowed to develop an image simula-
tor for CAGIRE, that we have used to test the preprocessing pipeline. These
tests have illustrated the ability of the Preproc to correct effects such as non-
linearity, flatfield, saturation or persistence. A particular emphasis has been
put on persistence correction, as it could lead to ”false detections”. We also
stressed the importance of the flatfield correction for the identification of faint
sources.

CAGIRE is expected to be on the sky mid-2024, after additional charac-
terization of the detector at CPPM, the integration of the camera at IRAP
followed by a series of tests, and the final shipment of the instrument to Mexico.

Acknowledgments

CAGIRE is partly funded by the French Centre National d’Etudes Spatiales
(CNES). The PhD contract of A. Nouvel de la Fleche is financed by CNES and
LYNRED. The development of the ALFA detector has been funded by ESA
contract 22949/09/NL/CP. We are grateful to ESA for the loan of an ALFA
detector to the CAGIRE project*. This work has been partially supported
by the LabEx FOCUS ANR-11-LABX-0013. The calibration data used in the
ALFA detector section of this paper were acquired at CEA. We acknowledge
the Observatorio Astronémico Nacional and the Instituto de Astronomia of the
Universidad Nacional Auténoma de México for providing data acquired with
the RATIR instrument for the validation of the Preproc. We particularly thank
Alan Watson for the data acquisition and Nathaniel Butler for useful advice
on the preprocessing. We would like to thank two IRAP engineers who had a

4The view expressed herein can in no way be taken to reflect the official opinion of the European
Space Agency.



Springer Nature 2021 BETEX template

38 CAGIRE

significant contribution to CAGIRE before their retirement: Francis Beigbeder
and Patrick Couderc.
Softare: Matplotlib (Hunter, 2007), numpy (Harris et al., 2020).

10 Declarations

10.1 Financial statement

The PhD contract of A. Nouvel de la Fleche is financed by CNES and
LYNRED. The development of the ALFA detector has been funded by ESA
contract 22949/09/NL/CP. This work has been partially supported by the
LabEx FOCUS ANR-11-LABX-0013.

10.2 Conflict of interest

The authors declare that they have no conflict of interest.

References

J. Wei, B. Cordier, S. Antier, P. Antilogus, J. L. Atteia, A. Bajat, S. Basa,
V. Beckmann, M. G. Bernardini, S. Boissier, L. Bouchet, V. Burwitz,
A. Claret, Z. G. Dai, F. Daigne, J. Deng, D. Dornic, H. Feng, T. Foglizzo,
H. Gao, N. Gehrels, O. Godet, A. Goldwurm, F. Gonzalez, L. Gosset,
D. Gotz, C. Gouiffes, F. Grise, A. Gros, J. Guilet, X. Han, M. Huang,
Y. F. Huang, M. Jouret, A. Klotz, O. La Marle, C. Lachaud, E. Le Floch,
W. Lee, N. Leroy, L. X. Li, S. C. Li, Z. Li, E. W. Liang, H. Lyu, K. Mercier,
G. Migliori, R. Mochkovitch, P. O’Brien, J. Osborne, J. Paul, E. Perinati,
P. Petitjean, F. Piron, Y. Qiu, A. Rau, J. Rodriguez, S. Schanne, N. Tanvir,
E. Vangioni, S. Vergani, F. Y. Wang, J. Wang, X. G. Wang, X. Y. Wang,
A. Watson, N. Webb, J. J. Wei, R. Willingale, C. Wu, X. F. Wu, L. P. Xin,
D. Xu, S. Yu, W. F. Yu, Y. W. Yu, B. Zhang, S. N. Zhang, Y. Zhang, and
X. L. Zhou. The Deep and Transient Universe in the SVOM Era: New Chal-
lenges and Opportunities - Scientific prospects of the SVOM mission. arXiv
e-prints, art. arXiv:1610.06892, October 2016.

J.-L. Atteia, B. Cordier, and J. Wei. The SVOM mission. Interna-
tional Journal of Modern Physics D, 31(05):2230008, 2022. doi: 10.1142/
S0218271822300087. URL https://doi.org/10.1142/S0218271822300087.

Stéphane Basa, William H. Lee, Frangois Dolon, Alan M. Watson, Johan
Floriot, Jean-Luc Atteia, Nathaniel R. Butler, Damien Dornic, Simona
Lombardo, Samuel Ronayette, Michel Ageron, Frangois Agneray, Fernando
Angeles, Ludovik Bautista, Hafid Benamar-Aissa, Cyril Blanpain, Olivier
Boulade, Jérémie Boy, Veronique Buat, Edgar Cadena, Salvador Cuevas,
Alejandro Farah, Liliana Figueroa, Jorge Fuentes, Carole Gaiti, Pascal
Gallais, Eric Kajfasz, Rosalia Langarica, Arthur Langlois, Marie Larrieu,
Auguste Le Van Suu, Julien Lecubin, Eduardo Lépez Angeles, Erica Lugo,


https://doi.org/10.1142/S0218271822300087

Springer Nature 2021 BETEX template

CAGIRE 39

Adrien Malgoyre, Romain Mathon, Chrystel Moreau, Alix Nouvel De La
Fleche, José Luis Ochoa, Maria Pedrayes-Loépez, Pascale Ramon, Jaime
Ruiz-Diaz-Soto, Silvio Tinoco, and Hervé Valentin. COLIBRI, a wide-field
1.3 m robotic telescope dedicated to the transient sky. In Heather K. Mar-
shall, Jason Spyromilio, and Tomonori Usuda, editors, Ground-based and
Airborne Telescopes IX, volume 12182, page 121821S. International Soci-
ety for Optics and Photonics, SPIE, 2022. doi: 10.1117/12.2627139. URL
https://doi.org/10.1117/12.2627139.

C. Wu, Y. L. Qiu, and H. B. Cai. SVOM Visible Telescope: Performance and
Data Process Scheme. In P. Roming, N. Kawai, and E. Pian, editors, Death
of Massive Stars: Supernovae and Gamma-Ray Bursts, volume 279, pages
421-422, September 2012. doi: 10.1017/S1743921312013646.

Xuewu Fan, Gangyi Zou, Yulei Qiu, Zhihai Pang, Hui Zhao, Qinfang Chen,
Yue Pan, and Hao Yuan. Optical design of the visible telescope for the
SVOM mission. ao, 59(10):3049, April 2020. doi: 10.1364/A0.386177.

Frédéric Daigne, Elena M. Rossi, and Robert Mochkovitch. The redshift dis-
tribution of Swift gamma-ray bursts: evidence for evolution. mnras, 372(3):
1034-1042, November 2006. doi: 10.1111/j.1365-2966.2006.10837 ..

Matthew D. Kistler, Hasan Yiiksel, John F. Beacom, Andrew M. Hopkins, and
J. Stuart B. Wyithe. The Star Formation Rate in the Reionization Era as
Indicated by Gamma-Ray Bursts. apjl, 705(2):L104-L108, November 2009.
doi: 10.1088,/0004-637X/705/2/L104.

S. Basa, J. G. Cuby, S. Savaglio, S. Boissier, B. Clément, H. Flores, D. Le
Borgne, and A. Mazure. Constraining the nature of the most distant gamma-
ray burst host galaxies. A&A, 542:A103, June 2012. doi: 10.1051,/0004-6361/
201218882.

J. T. W. McGuire, N. R. Tanvir, A. J. Levan, M. Trenti, E. R. Stanway,
J. M. Shull, K. Wiersema, D. A. Perley, R. L. C. Starling, M. Bremer, J. T.
Stocke, J. Hjorth, J. E. Rhoads, E. Curtis-Lake, S. Schulze, E. M. Levesque,
B. Robertson, J. P. U. Fynbo, R. S. Ellis, and A. S. Fruchter. Detection
of Three Gamma-ray Burst Host Galaxies at z ~ 6. ApJ, 825(2):135, July
2016. doi: 10.3847/0004-637X/825/2/135.

Volker Bromm and Abraham Loeb. High-Redshift Gamma-Ray Bursts from
Population IIT Progenitors. apj, 642(1):382-388, May 2006. doi: 10.1086/
500799.

Kenji Toma, Takanori Sakamoto, and Peter Mészaros. Population ITI Gamma-
ray Burst Afterglows: Constraints on Stellar Masses and External Medium
Densities. apj, 731(2):127, April 2011. doi: 10.1088/0004-637X/731/2/127.


https://doi.org/10.1117/12.2627139

Springer Nature 2021 BETEX template

40 CAGIRE

Xuhui Han, Yujie Xiao, PinPin Zhang, Damien Turpin, Liping Xin, Chao
Wu, Hongbo Cai, Wenlong Dong, Lei Huang, Zhe Kang, Nicolas Leroy,
Huali Li, Zhenwei Li, Xiaomeng Lu, Yulei Qiu, Benjamin E. Stahl, Jing
Wang, Xianggao Wang, Yang Xu, Yuangui Yang, Yong Zhao, Ruosong
Zhang, Weikang Zheng, Yatong Zheng, and Jianyan Wei. The automatic
observation management system of the gwac network. i. system architec-
ture and workflow. Publications of the Astronomical Society of the Pacific,
133(1024):065001, jun 2021. doi: 10.1088/1538-3873/abfbde. URL https:
//dx.doi.org/10.1088/1538-3873 /abfb4e.

Alix Nouvel de la Fleche, Jean-Luc Atteia, Hervé Valentin, Marie Larrieu,
Jérémie Boy, Olivier Gravrand, Olivier Boulade, Jean-Claude Clemens,
Aurélia Secroun, Eric Kajfasz, Olivier Llido, Stéphane Basa, Frangois Dolon,
Johan Floriot, Simona Lombardo, Adrien Lamoure, Laurent Rubaldo, Bruno
Fieque, Julien Roumegoux, Hervé Geoffray, Alan M. Watson, William H.
Lee, and Nathaniel Butler. Flux reconstruction for the NIR camera CA-
GIRE at the focus of the Colibri Telescope. In Andrew D. Holland and
James Beletic, editors, X-Ray, Optical, and Infrared Detectors for Astron-
omy X, volume 12191, page 121910Q. International Society for Optics and
Photonics, SPIE, 2022. doi: 10.1117/12.2627826. URL https://doi.org/10.
1117/12.2627826.

A. Watson & D. Corre. Colibri expected performance, 2018. COLIBRI Internal
Report.

J. Stegmeier. Eso new general detector controller (ngc) - base software
and infrared detector control software. https://www.eso.org/sci/facilities/
develop/detectors/controllers/nge/general /16072008-jstegmei.pdf, 2013.

Dietrich Baade, Andrea Balestra, Claudio Cumani, Siegfried Eschbaumer,
Gert Finger, Christoph Geimer, Leander Mehrgan, Manfred Meyer, Jorg
Stegmeier, Javier Reyes, and Mirko Todorovic. NGC — ESQO’s New General
Detector Controller. The Messenger, 136:20-24, June 2009.

J. Fuentes-Fernandez, A. M. Watson, S. Cuevas, S. Basa, J. Floriot, F. Dolon,
H. Valentin, Z. Challita, and P. Vola. Optical Design of COLIBRI:
A Fast Follow-up Telescope for Transient Events. Journal of Astro-
nomical Instrumentation, 9(1):2050001-280, January 2020. doi: 10.1142/
S2251171720500014.

Alejandro Farah, Andres Heron-Romero, Jorge Fuentes-Fernandez, Silvio
Tinoco, Rosalia Langarica, Arthur Langlois, Johan Floriot, Frangois Dolon,
Jaime Ruiz-Diaz-Soto, Alan M. Watson, Stéphane Basa, Jeremie Boy, Sal-
vador Cuevas, and William H. Lee. Structural design techniques applied
in ddrago/cagire instruments for the colibrl telescope. In Christopher J.
Evans, Julia J. Bryant, and Kentaro Motohara, editors, Ground-based and


https://dx.doi.org/10.1088/1538-3873/abfb4e
https://dx.doi.org/10.1088/1538-3873/abfb4e
https://doi.org/10.1117/12.2627826
https://doi.org/10.1117/12.2627826
https://www.eso.org/sci/facilities/develop/detectors/controllers/ngc/general/16072008-jstegmei.pdf
https://www.eso.org/sci/facilities/develop/detectors/controllers/ngc/general/16072008-jstegmei.pdf

Springer Nature 2021 BETEX template

CAGIRE 41

Airborne Instrumentation for Astronomy IX, volume 12184, page 1218488.
International Society for Optics and Photonics, SPIE, 2022. doi: 10.1117/
12.2630437. URL https://doi.org/10.1117/12.2630437.

Rosalia Langarica, Alan M. Watson, Fernando Angeles, Jean-Luc Atteia,
Stéphane Basa, Salvador Cuevas, Frangois Dolon, Alejandro Farah, Johan
Floriot, Jorge Fuentes-Ferndndez, William Lee, Jaime Ruiz-Diaz-Soto, Sil-
vio Tinoco, and Hervé Valentin. Design of the DDRAGO wide-field imager
for the COLIBRI Telescope. In Christopher J. Evans, Julia J. Bryant,
and Kentaro Motohara, editors, Ground-based and Airborne Instrumenta-
tion for Astronomy IX, volume 12184, page 121847W. International Society
for Optics and Photonics, SPIE, 2022. doi: 10.1117/12.2629456. URL
https://doi.org/10.1117/12.2629456.

Heidrun Weber, Nick Nelms, Kyriaki Minoglou, Alessandra Ciapponi, Sarah
Wittig, and Bruno Leone. Detector development activities supported by the
European Space Agency. In International Conference on Space Optics —
ICSO 2018, 111803R, volume 11180. SPIE, 2019. URL https://doi.org/10.
1117/12.2536054.

Olivier Gravrand, Clément Lobre, Jean-Louis Santailler, Titouan Le Goff,
Nicolas Baier, Giacomo Badano, Olivier Boulade, Thibault Pichon, Alix
Nouvel-Delafleche, Diane Sam Giao, Alexandre Maltere, Sébastien Aufranc,
Frédéric Salvetti, Julien Roumegoux, Benoit Brosse, and Adrien Lamoure.
Fabrication and characterization of a high performance NIR 2kx2k MCT
array at CEA and Lynred for astronomy applications. In Bjgrn F. An-
dresen, Gabor F. Fulop, and Lucy Zheng, editors, Infrared Technology and
Applications XLVIII, volume 12107, page 1210706. International Society
for Optics and Photonics, SPIE, 2022. doi: 10.1117/12.2618857. URL
https://doi.org/10.1117/12.2618857.

B. Fieque, A. Lamoure, F. Salvetti, S. Aufranc, O. Gravrand, G. Badano,
O. Boulade, S. Mouzali, and S. Basa. Development of astronomy large
focal plane array ”ALFA” at Sofradir and CEA. In Andrew D. Holland
and James Beletic, editors, High Energy, Optical, and Infrared Detectors
for Astronomy VIII, volume 10709, pages 33 — 51. International Society for
Optics and Photonics, SPIE, 2018. doi: 10.1117/12.2311713. URL https:
//doi.org/10.1117/12.2311713.

T. Pichon, A. Bounab, C. Cervera, C. Delisle, S. Derelle, D. Dubreuil,
B. Horeau, E. Huard, C. Ketchazo, V. Moreau, P. Mulet, M. Lortholary,
T. Orduna, L. Provost, S. Ronayette, O. Tellier, and O. Boulade. Quan-
tix and Intrapix: test benches dedicated to quantum efficiency measurement
and intra-pixel response of detectors from VIS to LWIR. In Andrew D.
Holland and James Beletic, editors, X-Ray, Optical, and Infrared Detec-
tors for Astronomy X, volume 12191, page 121912I. International Society


https://doi.org/10.1117/12.2630437
https://doi.org/10.1117/12.2629456
https://doi.org/10.1117/12.2536054
https://doi.org/10.1117/12.2536054
https://doi.org/10.1117/12.2618857
https://doi.org/10.1117/12.2311713
https://doi.org/10.1117/12.2311713

Springer Nature 2021 BETEX template

42 CAGIRE

for Optics and Photonics, SPIE, 2022a. doi: 10.1117/12.2630232. URL
https://doi.org/10.1117/12.2630232.

Bogna Kubik, Remi Barbier, Alain Castera, Eric Chabanat, Sylvain Ferriol,
and Gerard Smadja. Impact of common modes correlations and time sam-
pling on the total noise of a H2RG near-IR detector. In Andrew D. Holland
and James Beletic, editors, High Enerqgy, Optical, and Infrared Detectors
for Astronomy VI, volume 9154 of Society of Photo-Optical Instrumenta-
tion Engineers (SPIE) Conference Series, page 91541B, July 2014. doi:
10.1117/12.2055071.

T. Pichon, G. Badano, A. Bounab, C. Delisle, B. Fieque, O. Gravrand,
B. Horeau, A. Lamoure, C. Lobre, M. Lortholary, V. Moreau, P. Mulet,
T. Orduna, L. Provost, D. Sam-Giao, O. Tellier, and O. Boulade. Asteroid
and ALFA programs: to equip Europe with high performance IR detectors
for space applications. In Andrew D. Holland and James Beletic, editors, X-
Ray, Optical, and Infrared Detectors for Astronomy X, volume 12191, page
121911N. International Society for Optics and Photonics, SPIE, 2022b. doi:
10.1117/12.2630213. URL https://doi.org/10.1117/12.2630213.

T. Le Goff, N. Baier, O. Gravrand, O. Boulade, and T. Pichon. Persistence and
dark current characterization on HgCdTe short wave infrared imagers for
astronomy at CEA and Lynred. In Andrew D. Holland and James Beletic,
editors, X-Ray, Optical, and Infrared Detectors for Astronomy IX, volume
11454, page 114541K. International Society for Optics and Photonics, SPIE,
2020. doi: 10.1117/12.2560338. URL https://doi.org/10.1117/12.2560338.

D. Corre, S. Basa, A. Klotz, A. M. Watson, M. Ageron, P. Ambert, F. Angeles,
J. L. Atteia, P. E. Blanc, O. Boulade, J. Boy, E. Cadena, B. Cordier,
S. Cuevas Cardona, F. Dolon, D. Dornic, D. Dubreuil, A. S. Farah,
L. Figueroa, J. Floriot, J. Fuentes-Ferndndez, P. Gallais, E. Jiménez-Bailén,
R. Langarica Lebre, J. F. Le Borgne, W. H. Lee, A. Le Van Suu, M. Mar-
cos, R. Mathon, C. Meessen, J. L. Ochoa, E. Pallier, J. Platzer, F. Quirés,
S. Ronayette, D. Turpin, H. Valentin, and S. D. Vergani. End-to-end simu-
lations for COLIBRI, ground follow-up telescope for the SVOM mission. In
George Z. Angeli and Philippe Dierickx, editors, Modeling, Systems Engi-
neering, and Project Management for Astronomy VIII, volume 10705, page
107051R.. International Society for Optics and Photonics, SPIE, 2018. doi:
10.1117/12.2313127. URL https://doi.org/10.1117/12.2313127.

R. M. Cutri, M. F. Skrutskie, S. van Dyk, C. A. Beichman, J. M. Carpen-
ter, T. Chester, L. Cambresy, T. Evans, J. Fowler, J. Gizis, E. Howard,
J. Huchra, T. Jarrett, E. L. Kopan, J. D. Kirkpatrick, R. M. Light, K. A.
Marsh, H. McCallon, S. Schneider, R. Stiening, M. Sykes, M. Weinberg,
W. A. Wheaton, S. Wheelock, and N. Zacarias. VizieR Online Data Cata-
log: 2MASS All-Sky Catalog of Point Sources (Cutri4 2003). VizieR Online


https://doi.org/10.1117/12.2630232
https://doi.org/10.1117/12.2630213
https://doi.org/10.1117/12.2560338
https://doi.org/10.1117/12.2313127

Springer Nature 2021 BETEX template

CAGIRE 43

Data Catalog, art. 11/246, June 2003.

Nat Butler, Chris Klein, Ori Fox, Gennadiy Lotkin, Josh Bloom, J. Xavier
Prochaska, Enrico Ramirez-Ruiz, José A. de Diego, Leonid Georgiev, Jests
Gonzalez, William H. Lee, Michael G. Richer, Carlos Roman, Alan M.
Watson, Neil Gehrels, Alexander Kutyrev, Rebecca Bernstein, Luis Carlos
Alvarez, Urania Cesena, David Clark, Enrique Colorado, Antolin Cérdova,
Alejandro Farah, Benjamin Garcia, Gerardo Guisa, Joel Herrera, Francisco
Lazo, Eduardo Lopez, Esteban Luna, Benjamin Martinez, Francisco Murillo,
José Manuel Murillo, Juan Manuel Nunez, M. Herlinda Pedrayes, Fernando
Quiréds, José Luis Ochoa, Gerardo Sierra, Harvey Moseley, David Rapchun,
Frederick D. Robinson, Mathew V. Samuel, and Leroy M. Sparr. First light
with RATIR: an automated 6 - band optical / NIR imaging camera. In
Tan S. McLean, Suzanne K. Ramsay, and Hideki Takami, editors, Ground-
based and Airborne Instrumentation for Astronomy IV, volume 8446, pages
336 — 342. International Society for Optics and Photonics, SPIE, 2012. doi:
10.1117/12.926471. URL https://doi.org/10.1117/12.926471.

E. Bertin and S. Arnouts. SExtractor: Software for source extraction. Astron-
omy and Astrophysics Supplement, 117:393-404, June 1996. doi: 10.1051/
aas:1996164.

John D. Hunter. Matplotlib: A 2D Graphics Environment. Computing in
Science and Engineering, 9(3):90-95, May 2007. doi: 10.1109/MCSE.2007.
55.

Charles R. Harris, K. Jarrod Millman, Stéfan J. van der Walt, Ralf Gommers,
Pauli Virtanen, David Cournapeau, Eric Wieser, Julian Taylor, Sebas-
tian Berg, Nathaniel J. Smith, Robert Kern, Matti Picus, Stephan Hoyer,
Marten H. van Kerkwijk, Matthew Brett, Allan Haldane, Jaime Ferndndez
del Rio, Mark Wiebe, Pearu Peterson, Pierre Gérard-Marchant, Kevin Shep-
pard, Tyler Reddy, Warren Weckesser, Hameer Abbasi, Christoph Gohlke,
and Travis E. Oliphant. Array programming with NumPy. nat, 585(7825):
357-362, September 2020. doi: 10.1038/s41586-020-2649-2.

Appendix A  appendix

A.1 Diagram of the overall electronics architecture
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Figure A1l Diagram of the overall electronics architecture
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