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ABSTRACT

This paper describes the objectives, design, and findings of the pre-launch ground characterisation campaigns of the Euclid infrared
detectors. The aim of the ground characterisations is to evaluate the performance of the detectors, to calibrate the pixel response,
and to derive the pixel response correction methods. The detectors have been tested and characterised in the facilities set up for this
purpose. The pixel properties, including baseline, bad pixels, quantum efficiency, inter pixel capacitance, quantum efficiency, dark
current, readout noise, conversion gain, response non-linearity, and image persistence were measured and characterised for each pixel.
We describe in detail the test flow definition that allows us to derive the pixel properties and we present the data acquisition and data
quality check software implemented for this purpose. We also outline the measurement protocols of all the pixel properties presented
and we provide a comprehensive overview of the performance of the Euclid infrared detectors as derived after tuning the operating
parameters of the detectors. The main conclusion of this work is that the performance of the infrared detectors Euclid meets the
requirements. Pixels classified as non-functioning accounted for less than 0.2% of all science pixels. The interpixel capacitance (IPC)
coupling is minimal, the cross-talk between adjacent pixels is less than 1% between adjacent pixels, and 95% of the pixels show a
quantum efficienty (QE) greater than 80% across the entire spectral range of the Euclid mission. The conversion gain is approximately
0.52 ADU/e", with a variation of less than 1% between channels of the same detector. The reset noise is approximately equal to 23
ADU rms after reference pixel correction. The readout noise of a single frame is approximately 13 e~ rms while the signal estimator
noise is measured at 7 e~ rms in photometric mode and 9 ™ rms in spectroscopic acquisition mode. The deviation from linear response
at signal levels up to 80ke™ is less than 5% for 95% of the pixels. Median persistence amplitudes are less than 0.3% of the signal,

though persistence exhibits significant spatial variation and differences between detectors.

Key words. instrumentation: detectors — methods: data analysis — space vehicles: instruments

1. Introduction

The Euclid mission, led by the European Space Agency (ESA)
in collaboration with NASA, represents a cornerstone in our
quest to understand the nature of dark energy and dark matter
(Laureijs et al. 2011; Euclid Collaboration: Mellier 2025). With
its wide field of view of 0.5 deg?, the Euclid telescope will scan
14000 deg? of the extragalactic sky from the second Sun—Earth
Lagrange point (Euclid Collaboration: Scaramella 2022).

Equipped with two cutting-edge instruments — the vis-
ible imager VIS (Euclid Collaboration: Cropper 2025) and
the Near Infrared Spectrometer and Photometer (NISP; Euclid
Collaboration: Jahnke 2025) — the aim of the mission is to map
the geometry of the Universe with unprecedented precision. Cen-
tral to the success of NISP is its reliance on HAWAII-2RG
(H2RG)' detector arrays whose characterisation and calibration
are crucial for ensuring scientific accuracy.

Achieving the ambitious observational goals of the Euclid
telescope depends on reduced instrument systematics and pre-
cise measurements from the detectors. To maximise the perfor-
mance of the detection chain signal, we must generally maximise
the observed signal and minimise any sources of noise. To do
this, we need detectors with high quantum efficiency (QE), low
dark current and low readout noise. Likewise, we want devices
with low persistence because the false current from the previous
exposures would also contribute to noise and is difficult to model
and remove. At the same time, the capacitive couplings between

I HAWAII is an acronym for HgCdTe Astronomical Wide Area
Infrared Imager. It includes a family of HXRG detectors, where H stands
for HAWAII, the number x=1,2,4 denotes 1024 x 1024, 2048 x 2048
or 4096 x 4096 pixels, R stands for reference pixels, and G for guide
window capability.
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pixels should be minimal because they affect the instrument’s
point spread function (PSF).

With the increasing demand for low-signal observations
and the growing complexity of scientific requirements, achiev-
ing higher precision in detector performance measurements is
becoming more critical. The ground characterisation performed
in 2019 by the NISP detector team focuses on calibrating pixel
responses and creating pixel maps that account for both system-
atic errors and correction functions. These functions correct for
effects arising in the detector, ensuring the reliability of scientific
data.

This paper presents the methodology of characterisation and
summarises the key properties of the flight detectors. In Sect. 2
we present the architecture of the detector system, the detec-
tor readout principle, the common-mode correction approach,
as well as the signal estimation algorithm employed during the
Euclid mission and in the generation of calibration products. In
Sect. 3 we outline the objectives of the characterisation cam-
paign, detail and motivate the steps of the test-flow and describe
the software developed for automated data acquisition and ver-
ification. Section 4 presents the procedure of tuning the funda-
mental parameters of the detector system. The main results are
presented in Sect. 5, which provides a comprehensive overview
of all detector properties measured during ground tests. For each
property, we begin by explaining its physical significance and
role in the overall performance of the detector system. Next, the
specific measurement protocols used to evaluate each property
are discussed, outlining the steps taken to ensure accuracy and
consistency. The measurement results are then presented, high-
lighting their potential implications for detector performance.
Section 6 summarises the obtained results. A summary table of
the main detector properties is given in Appendix A. Appendix B
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Fig. 1. Photo of a Euclid-like engineering grade sensor chip system
taken in the clean room of the CNRS-IN2P3 Center for Particle Physics
in Marseille (CPPM). The sensitive surface is 3.6 cm X 3.6 cm. Credit:
CPPM-CNRS.

presents the formalism of orthogonal polynomials employed in
the non-linearity characterisation.

2. Euclid IR detectors

This section provides an overview of the IR detectors as used on
board the satellite. It details the architecture of the sensor chip
system (SCS), the acquisition modes, the correction of common-
mode signals and the signal estimation algorithms implemented
within the on board electronics.

2.1. SCS architecture: Detailed description

The NISP focal plane, described in detail in Maciaszek et al.
(2022), is composed of a 4 x 4 mosaic of HgCdTe near-infrared
detectors manufactured by Teledyne Imaging Sensors for the
Euclid mission. Each SCS is composed of three parts: the H2ZRG
array, also called the sensor chip assembly (SCA), sensor chip
electronics (SCE) and cryo-flex cable (CFC) as seen in Fig. 1.

Each of the 16 SCAs consists of an area of 2040 x 2040 sci-
ence pixels surrounded by a 4-pixels wide border of reference
pixels on all sides. The pixel pitch is 18 pm in both directions and
the cut-off wavelength is 2.3 pm. Each pixel is made of HgCdTe
semiconducting material and is connected to a readout integrated
circuit (ROIC) via indium bumps.

The SCE is an application specific integrated circuit (ASIC)
including a system for image digitisation, enhancement, con-
trol and retrieval (SIDECAR) functioning at 135K during the
ground tests. The main functionalities of the SCE are the overall
ROIC control and sequencing, generation of biases to polarise
the photosensitive volume and Analog-to-digital conversion
(ADC) which provides signal in Analogue Digital Units (ADU).
Euclid’s SCEs work in single ended analogue readout, and a
tuneable voltage register allows for baseline’ adjustment. The
SIDECAR presents a digital interface to instrument electronics
through low voltage differential signal (LVDS) communication.
A detailed description of the SIDECAR ASIC architecture and

2 Baseline is defined as the average value of the first 16 frames after a
pixel reset.
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Fig. 2. Illustration of the multi-accumulation acquisition mode
MACC(ng, nt, ng) with ng = 4, ny = 16, ng = 4 and one reset frame.
The integration time #, and exposure time .y, defined in Egs. (1) and
(2), respectively, are also indicated.

functionalities can be found in Loose et al. (2005, 2007) and
Beletic et al. (2008).

The ROIC, or multiplexer, contains digital circuits and
switches to address and readout signal voltages in the detec-
tor array. The operation of the ROIC is controlled by firmware
loaded in the ASIC. This firmware was developed specifically
for Euclid. The ROIC is configured to read 32 channels, each
64 x 2048, in parallel and in buffered mode as shown in Fig. 3.
Pixels within each channel are addressed in ‘slow’” mode readout
at a rate of 100 kHz. After all pixels are read (or reset) there are
224 buffer lines for the ROIC and ASIC to perform housekeep-
ing tasks and start a new frame. This yields a total frame time
ty = 1.45408 s. The NISP focal plane is designed for SCA oper-
ation at temperatures from 100 K to 85 K and has been tested
over this temperature range. The full description of the detection
physics is beyond the scope of this paper. We refer to Mosby
et al. (2020) and references therein for a recent and complete
description of the HXRG sensors.

The cryo-flex cable connects the SCA to the SCE with a ther-
mal conductance of 0.85mW K~! (Holmes 2019) keeping the
two parts at the two different operating temperatures.

2.2. SCS acquisition modes

The H2RG detectors can acquire signal in a so-called multi-
accumulation (MACC) acquisition mode (Rauscher et al. 2007)
sketched in Fig. 2. The beginning of each exposure is defined by
areset frame. During the reset frame, each pixel is reset in single
pixel reset mode or sequentially one by one. Immediately after
reset, electric charge accumulates in each pixel as generated by
the incident photons. Frames following the reset frame are read
frames. During a read frame, each pixel is read non-destructively.

A frame is the unit of data that results from sequentially
clocking through and reading out a square area of 2048 x 2048
pixels. Some of the frames may be dropped® while the integra-
tion of signal continues. At the end of the exposure, the signal

3 The ROIC and SIDECAR ASIC clock all frames and transmit all data
to the warm readout electronics in order to maintain thermal stability of
the SCAs and SCEs. Selection of frames to coadd or drop is performed
in the warm electronics.
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Table 1. NISP acquisition modes, MACC(ny, n¢, ng), and corresponding
UTR(n) used during ground characterisations with n = nng +nq(ng — 1).

NISP MACC UTR  fine[s]  texp 8]
exposure mode n, np ng n

Spectrometer 15 16 11 394 549.6 5744
Photometer 4 16 4 76 87.2 112.0

Notes. Integration time #,; and exposure time ., defined in Egs. (1)
and (2), respectively, are also indicated.

per pixel is composed of n, equally spaced groups. Each group
contains n;y consecutive frames sampled up-the-ramp (UTR)
and the groups are separated by ng dropped frames. This non-
destructive acquisition with UTR sampled data allows for a more
precise signal estimate and for the detection of anomalies that
can occur during signal integration, such as cosmic ray hits,
electronic jumps or deviations from linearity.

The reset after each exposure is performed pixel by pixel in
parallel in the 32 output channels. The time needed to reset all
the pixels is equal to the time to read the entire detector. This
reset scheme reduces as much as possible the transient effect on
the first read.

The NISP instrument during nominal observations of the
sky acquires data in two predefined acquisition modes (Euclid
Collaboration: Jahnke 2025):

— The spectroscopic mode with 15 groups of 16 averaged
frames and 11 dropped frames between each of two groups,
MACC(15,16,11), with the total exposure time of about
574.4s.

— The photometric mode with 4 groups of 16 averaged
frames and 4 dropped frames between each of two groups,
MACC(4,16,4), with the total exposure time of about 112 .

This choice was a compromise between the signal-to-noise ratio
(S/N) performance that varies depending on MACC schemes
(Kubik et al. 2015), the limitations of the on board computa-
tional resources, and of bandwidth allocation to downlink the
data to ground. It is not planned to vary the acquisition mode
depending on the brightness of the observed sources, but specific
acquisition modes are implemented for in-flight calibrations,
diagnostics, or for sanity checks of the detectors.

Table 1 summarises the main characteristics of the NISP
acquisition modes for which detector performances are measured
and presented in this paper. The integration time

tine = (1 + ng)(ng — Digy, (D
relevant for science, and total exposure time
Texp = [nfng + nd(ng -D+ nr] I, 2

relevant for observation planning, are also reported. The expo-
sure time includes the time of n, = 1 reset frames at the
beginning of each exposure. In the table we also give the number
of frames n for up-the-ramp UTR(n) acquisition with integration
time equivalent to the given MACC, or explicitly n = ng(ng —
1) + neng.

2.3. Removal of common modes using reference pixels

The sensitivity of integrating infrared detectors is limited by
dark current and electronic readout noise. The dark current can
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Fig. 3. H2RG frame geometry definition with reference pixels on the
edges of the array in the 32-output channel mode. The read directions
are indicated by the blue arrows. The widths are not in scale.

be lowered down below the natural background level, such as
zodiacal light described in Euclid Collaboration: Scaramella
(2022), in the high-quality HgCdTe detectors by cooling them
to temperatures below 100 K. Then the sensitivity of the array
is essentially limited by the readout noise. This read noise is
basically the noise of the SIDECAR ASIC and the noise of
the Field-Effect Transistors (FET) used as a source-follower
employed in the charge-to-voltage conversion in each pixel or
“unit cell”, including not only the statistical noise of this FET,
but also any noise associated with bias supplies and clocks.
While the statistical noise of each unit cell FET is independent,
any noise arising from common FETs in the signal chain or from
common biases and clocks should be in general correlated.

The reference pixels provided within the detector allow us
to reduce this common mode noise at least partially. Reference
pixels do not respond to light but contain a simple capacitor Cp;x
with capacitance similar to that of the active pixels, which is
connected to the polarisation voltage of the detector substrate.
They are designed to electronically mimic a photosensitive pixel,
therefore they are important for tracking polarisation and tem-
perature changes during long exposures (Moseley et al. 2010;
Rauscher et al. 2017).

Each of the detector channels has four rows of reference pix-
els at the top and at the bottom of the array, as presented in Fig. 3.
Additionally, the two outside channels include four columns of
reference pixels at the outer edges of the array providing a ref-
erence for the output at the beginning and at the end of each
2040-pixel row (left and right references).

Various possible corrections using reference pixels were
defined and tested in Kubik et al. (2014). Possibilities included
using only top and bottom references, using left and right ref-
erences, or a combination of both. The impact of interpolation
between top-to-bottom and left-to-right references and the use
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of sliding averages in the reading direction for side pixels was
also examined. An indicator of the optimal correction was the
minimum correlated double sampling* (CDS) noise level, as it is
the easiest noise to measure and is the most sensitive to common
modes.

The analysis showed that the optimal correction was to sub-
tract, for each frame, the average of top and bottom reference
pixels per output channel to minimise the channel-to-channel
noise variations and temporal fluctuations with periods of sev-
eral frames. The references on the left and right remove common
modes on timescales of the readout of one line, suggesting the
use of a sliding average centred on the selected line with 4 to
5 pixels on the sides. The effect of interpolation was found to
be negligible when optimising noise in photometric and spec-
trometric exposures. For the ground characterisation and for the
flight operations the optimal correction was used, corresponding

to ¢ (x,y) defined in Eq. (2) in Kubik et al. (2014). We recall

. 3mn /
this correction:

e m) = <T<ch> + B(ch)) + % (Ly(m) + Ry(m)) . 3)

N =

This equation indicates that for a pixel located in column x €
[0, 64[ and in line y € [4, 2044] in the output channel o € [0, 32[,
the correction value c§°h)(m) is calculated as the average of all

top T™ and bottom B reference pixels in the same output
channel ch and the average of the left Ly(m) and right Ry(m)
reference pixels located in the window centred on line y and of
width 2m + 1.

The impact of the reference pixel correction on the noise
performance is shown in Sect. 5.7.

2.4. NISP onboard signal estimator

One of the main aspects from the point of view of evaluating
detector performance and defining methods for their calibration
and correction is that the operation of NISP requires two dif-
ferent exposure times and acquisition modes in order to obtain
the best S/N for the targeted scientific objects. The limited daily
bandwidth offered by the spacecraft requires sending only the
slope calculated on board from data points sampled up the ramp
and the associated quality factor (QF) of the fit (Bonoli et al.
2016; Medinaceli et al. 2020).

The NISP signal estimator, denoted hereafter as S njsp, and
QF computed on board is based on a likelihood estimator built
on the group differences (Kubik et al. 2016). The choice of this
estimator was driven by two facts. First, it is a more efficient
estimator than the commonly used least square fit, i.e. its vari-
ance is lower. This translates directly to a higher S/N, a vital
parameter for the scientific outcome of the mission. Secondly,
the QF can be computed at the same time as the signal without
the need to reprocess the data. This accelerates the computations
and minimises the power consumption. The QF allows monitor-
ing the quality of the signal estimate and the linearity of the pixel
response, which otherwise would be impossible to track in the
presence of non-destructive readout and signal fitted on board.

4 CDS involves resetting the detector array and then reading it at least
twice, generating two frames at an interval of at least one frame.

3. Ground characterisation campaigns

This section describes the objectives, workflow and tools devel-
oped for the characterisation campaign of the Euclid infrared
detectors. We provide a detailed description and motivation of
the testing process, and we describe the software developed for
the data acquisition and verification in near real-time.

3.1. Objectives

The production of flight parts is a lengthy process that begins
with acceptance tests and the associated requirements. The SCS
triplets and their individual components (SCA and SCE) have
undergone extensive testing throughout the production process.
This includes acceptance testing and ranking at the Detector
Characterisation Laboratory (DCL) at NASA/GSFC (Waczynski
et al. 2016; Bai et al. 2018), SCE testing at NASA Jet Propulsion
Lab (JPL, Holmes et al. 2022), individual component tests of the
SCAs at the CNRS-IN2P3 Center for Particle Physics in Mar-
seille (CPPM), and thermal vacuum (TV) tests of the FPA in
its final configuration at the CNRS-INSU Laboratory of Astro-
physics in Marseille (LAM) facility. The ground characterisation
was carried out in three stages:

— Acceptance tests at NASA allowed the selection of the best
20 detectors from a set of 60 that were available for Euclid
and provided overall average reference of the dark current,
readout noise, and QE for subsequent detailed characterisa-
tion and performance measurements,

— characterisation tests at CPPM provided per-pixel perfor-
mance of individual detectors taken in a cross-validated and
controlled environment, and

— tests of all detectors integrated onto the FPA of the NISP
instrument.

A complete overview of characterisation campaigns carried out
by the NISP detector team can be found in Barbier et al. (2018).
The goals of the ground characterisation campaigns were to

— tune the operating parameters (such as the polarisation volt-
age, the gain, or the baseline) for all the detectors to optimise
their performance;

— produce detailed pixel maps of detector performance for use
by the science ground segment (SGS) as references for flight
calibrations;

— produce readout chain correction functions with a relative
accuracy of 1%;

— estimate the accuracy of the in-flight calibration procedure of
the readout chain through tests mimicking flight conditions;

— create models of how detector properties and performance
are modified under varying environments experienced dur-
ing flight, in order to monitor and quantify their impact on
the detector chain error compared to optimal performance
determined in ground tests;

— study the behaviour of the flight detectors in order to antici-
pate their evolution and the degradation of their performance
during the mission.

Handling the large volumes of data generated during these tests,
which can reach up to 0.5 TB per day per SCS, is crucial. Ensur-
ing stability and reproducibility throughout the testing process
is also essential. This requires a well-controlled and contin-
uously monitored cryogenic environment, along with careful
management of both the optical and the electrical equipments.
This paper focuses on the first and second goals and it
presents the performance of flight detectors in their final config-
uration. Therefore most of the results presented in this paper are
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derived from the TV (thermal vacuum test) dataset. Only the QE
(Sect. 5.5) and interpixel capacitance (IPC, see Sect. 5.4) maps
were derived from tests at DCL and CPPM tests respectively.

The pixel effects reported in the sections below impact the
signal measurements and introduce systematic errors. Based
on these measurements, per-pixel correction functions can be
derived with a requirement of 1% accuracy on the relative
response of the detector chain (Secroun et al. 2016; Barbier et al.
2018). The principal difficulty in the detector chain response cal-
ibration is to fulfil the correction at 1% accuracy over the full
dynamic of the detector. This translates into a compliance to the
test specifications ranging from very low dark signal and zodia-
cal background to the highest calibration fluence, knowing that
most of the fluence (total integrated signal) of the sources of
interest will lay in the range of a few thousands of electrons per
pixel.

3.2. Set-up

The Euclid Consortium used two facilities to carry out the
detectors’ characterisation. Firstly, the CPPM benches (Euclid
Collaboration: Secroun et al., in prep.) have been specifically
designed to meet the needs of pixel-by-pixel characterisation of
the NISP detectors’ performance, taking into account the 1%
accuracy objective. Significant effort has therefore been devoted
to minimising and controlling the systematic errors introduced
by the benches themselves. In summary, two twin cryostats (to
ensure redundancy) can each accommodate two detectors being
read in parallel, using Markury electronics (see Sect. 4.4). These
cryostats consist of an outer stainless steel vessel that maintains
the vacuum, an internal copper layer coupled to a 90 W cry-
ocooler that ensures cooling within the cryostat and at the focal
plane, and a second internal aluminium layer that simultaneously
provides a deep dark environment and a very homogeneous flat
field (Euclid Collaboration: Secroun et al., in prep.). The detec-
tors’ temperature can be controlled with a precision better than
10mK and a stability of 1 mK. The flux exhibits homogene-
ity better than 1% across the detector and a flux stability well
below 1% (Euclid Collaboration: Secroun et al., in prep.). These
benches enable measurements of detector performance depen-
dencies on temperature (typically between 70 K and 120 K),
wavelength (across the entire sensitivity range of the detectors),
and flux (from dark level to several times saturation).

Secondly, the ERIOS space simulation chamber at LAM
(Costille et al. 2016) has been designed to test full instruments
like NISP. This chamber, measuring 4 m in diameter and 6 m in
length, maintains a secondary vacuum (~10~¢ mbar) and a cold
ambient environment throughout its entire chamber (45 m?) at a
temperature close to that of liquid nitrogen. To ensure mechani-
cal stability, and hence accurate measurements, the instrument’s
supporting table is connected to a 100tone concrete block under
the floor and rests on pillars via spring boxes. The Thermal
and Mechanical Ground Support Equipment (TMVS) developed
for NISP TV provide thermal and mechanical interfaces of the
instrument and simulate the PLM thermal environment with a
stability of 4 mK.

3.3. TV test flow

The characterisation workflow, or test flow, is designed to pro-
duce high-quality data from the flight SCS within a time frame
compatible with the NISP testing schedule. Data is collected
continuously, 24 hours a day, over a 14-day period, with 3 days
specifically allocated for tuning of the SCS system parameters.
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Fig. 4. TV workflow as implemented and executed during the 14-day
testing period. In the boxes we specify the type of test, the test duration
in hours, and the range of fluxes that were used. No indication of flux
values means that the test was performed in dark conditions. All tests
were performed with a 99.73% time efficiency.

The definition of the test flow is the result of a trade-off between
various constraints and requirements. Key considerations while
defining the test flow include

— Schedule management: Ensuring the schedule remains on
track with built-in margins to accommodate potential set-up
failures.

— Thermal stability: Minimising the number of cooling cycles
and large temperature variations across different tests.

— Mitigating long exposure issues: Avoiding long test runs that
might be affected by spurious exposures.

— Latency mitigation: Controlling latency effects by ordering
tests based on increasing levels of illumination.

Detector maps obtained during acceptance tests are used as
cross-references. While these maps are not intended for direct
verification or validation, they help ensure data coherence
between different test facilities. The test flow, presented in Fig. 4,
includes the following runs,

— system temperature stabilisation,

— SCE register tuning,

— near-infrared calibration unit (NI-CU; Euclid Collaboration:
Hormuth 2025) calibration and validation (stability and
accuracy),

— baseline and reset noise measurements,

— dark measurements (includes the measurement of single
frame readout noise and the slope noise),

— non-linearity measurements,

— latency measurements, and

— additional optical and electrical tests.

3.4. Data acquisition software

The measurement of any detector characteristic is defined as a
coherent entity consisting of pre-programmed acquisition cycles
and environmental configurations. The number of cycles is typ-
ically determined by the required measurement accuracy, and
their order is based on the physics of the detector and the spe-
cific parameters being measured. These measurements must be
performed according to a predefined scenario that ensures the
stability of the environmental conditions. This is crucial for
meeting the statistical requirements necessary for the charac-
terisation of individual pixels and mitigate contamination from
persistence signal between exposures.

The runs specified in the test flow are executed by the data
acquisition software (DAS). The scheme of the runs executed
automatically according to the test plan is shown in Fig. 5. The
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Fig. 5. Hierarchical data structure defined for the SCS characterisation
campaign.

building block of each run is an exposure. It consists of a ramp
of non-destructive reads and the accompanying environmental
settings, including SCS (gains, bias voltages) and NI-CU set-
tings (e.g., LED selection and its current and duty cycle). The
set-up providing illumination is described in detail in Euclid
Collaboration: Hormuth (2025).

The CPU time is used to synchronise the environment and
illumination settings with the SCS readouts with a precision bet-
ter than 0.5 seconds. The lighting set-up is controlled by the
DAS, which triggers key events such as switching the LEDs
on and off. For ground characterisation, up-the-ramp acquisi-
tions UTR(n) were used with the number of frames n equivalent
to the specified MACC (Table 1). The frames corresponding
to the MACC readout were selected, if needed, during the
post-acquisition analysis of data.

The overall workflow is managed by a super scheduler, i.e.
pseudocode of specifications, that generates a scenario of the test
flow covering the 14 days of TV tests. The scheduler supports
asynchronous tasks (Williams et al. 2019), which is one of the
most difficult aspects of implementation.

Thanks to the automated data acquisition system, the tests
were conducted continuously, 24 hours a day, achieving a time
efficiency of 99.73%. This indicates that less than 0.3% of the
total time was lost due to failures.

3.5. Data quality quick check

The data quality during acquisition is monitored by comparing
the CDS signal and noise levels with approved reference val-
ues. Statistical analysis performed at the level of individual rows,
columns, channels, or frames allows for verification of both tem-
poral and spatial characteristics of data, and generates alerts in
case of anomalies. The system, based on alerts, verifies data in
less than one hour after a two-day acquisition period.

4. Detector configuration settings

The performance of pixel sensors involves a delicate trade-
off between noise characteristics and the accessible dynamic.
For photometric applications, a minimum dynamic of 60ke™ is
required and there is a requirement on the maximum acceptable
readout noise value of 13 and 9 electrons in photometric and
spectroscopic acquisition modes respectively (see also Sect. 5.7).

The accessible dynamic of the signal is primarily determined
by the gain of the SCE and is constrained by several factors,
including the non-linearity of the SCE at both the upper and

lower limits, the inhomogeneity of the baseline and the mini-
mum pixel full well capacity which is defined by the applied
polarisation voltage. On the other hand, both the position of the
baseline, the polarisation, and the SCE gain impact the detector
noise performance.

4.1. Baseline settings

First, the level of the baseline in the 65 535 counts range of the
16 bits ADC is of course a direct driver of the maximal science
signal achievable in both acquisition modes. The limiting factor
to the lowering of the baseline is the low end of the differen-
tial non-linearity (DNL,,) of the ADC, which is on the order
of 1000 ADU. If the baseline is set at the lowest possible level
not exceeding the lower (DNL),y,) threshold, good stability is
obtained for dark current and for weak signals, but with readout
noise slightly higher than in the middle of the ADC’s dynamic.
We therefore set the baseline 5000 ADU higher than the lower
(DNL)yw) limit allows, in order to minimise the readout noise
while maintaining sufficient dynamic for scientific signals.

4.2. Detector polarisation voltage settings

The detector polarisation voltage, which is the difference in volt-
age between the backside substrate and the diode reset voltage,
was set to 500 mV. This value was found to be a good com-
promise between noise performance, the dark current value and
full well capacity. The compromise was based on the following
considerations: firstly, setting the highest possible polarisation,
while keeping the 95th percentile of total noise below specifi-
cation; secondly, achieving a maximum useful integrated signal
of 60ke™ in photometric acquisition mode; and thirdly, shift-
ing the full well capacity (130ke™) above the ADC saturation
(65535 ADU) to minimise diode non-linearity.

4.3. SCE gain settings

Various preamplifier gains® were tested and discussed during the
non-recurring engineering (NRE) phase® and acceptance tests.
Advantages and disadvantages were raised for three possible
preamplifier gain values, 15 dB, 18 dB and 21 dB, consistent with
the target S/N. The final choice was to use the lowest SCE gain
of 15 dB to improve the dynamic from 60ke™ to 115ke™, still
below the ADC saturation. This mitigates the non-linear effects
close to pixel full well and increases the range of the measurable
signal, which is very important when calculating the persistence
contribution for subsequent exposures.

4.4. Tuning of flight SCS parameters

To speed up the tuning process of the 16 SCSs and of the SIDE-
CAR ASICs, the data acquisition is done in parallel, but some
parameters are adjusted one by one within a certain predefined
range, already optimised during the acceptance tests carried out

3 The preamplifier provides control over the gain and bandwidth of the
analogue signal using programmable capacitors and resistors. Preampli-
fier gain is not the same parameter as the conversion gain, described in
Sect. 5.6.

6 This was a phase that lasted from 2012 to 2015. During this
phase, pre-development versions of SCS parts were designed, manufac-
tured, qualified, and evaluated for performance. The phase ended with
approval for production of the flight parts.
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by NASA with the expertise and supervision of Markury Scien-
tific’. At the end, after optimising the different functions, each
SCS has its own set of parameters. The tuning was carried out in
the following steps.

Firstly, the dynamic response of the pixels was optimised by
analysing the unit cell current controlled by the ROIC voltage
settings. The minimised value in this case is the residual signal
that can be observed on the first pixel adjacent to the stimulated
pixel with respect to the reading direction, if the cell current
is too weak to drive the signal within a time slot of one clock
(10 ps). Obviously, this current must be kept as low as possible
to reduce the power consumption of the ROIC during the readout
sequence.

Secondly, the CDS noise of the groups taken from the
MACC(4,16,4) photometric acquisition mode, which represents
the most demanding scenario in terms of noise performance,
was minimised. The values of median noise in each of the 32
channels and the value of the noisiest channel were used as the
references for this process.

Thirdly, baseline adjustment was performed through the ref-
erence voltage of the capacitive trans-impedance preamplifier
before the 15dB gain setting. For each detector, a maximum
value was selected from the 32 DNL limits measured during the
acceptance test for each output channel and used as the lowest
threshold for the median baseline of the reference pixels. The
baseline setting is driven by the reference pixels, because they
exhibit lower baseline values compared to the photosensitive
pixels and too low baseline of reference pixels could introduce
non-linearities in the signal during reference pixel correction. A
closed-loop algorithm was developed to rapidly converge to the
target baseline values by adjusting the bias for the 16 SCS in par-
allel. At the end of the tuning process, the average dynamic of
each SCS is around 115 ke™.

5. Pre-launch SCS properties and performance

This section is the core section of the paper. Here, we present
the main properties of the Euclid near-infrared detectors as mea-
sured during the ground characterisation campaign. For each
property, we describe its physical background and its role in the
overall performance of the detector system. We then outline the
measurement protocols used to evaluate each property, present-
ing the steps taken to ensure accuracy and consistency. Finally,
we present the measurement results, highlighting their potential
implications for detector performance.

In the sections below, we identify the detectors either by their
position in the focal plane (e.g., DET 11) or by their SCA serial
number (a five-digit identifier in the form 18***). The table
below provides the explicit correspondence between these two
naming conventions:

FPA position 41 42 43 44
SCA number | 18458 | 18249 | 18221 | 18 628
FPA position 31 32 33 34
SCA number | 18280 | 18284 | 18278 | 18 269
FPA position 21 22 23 24
SCA number | 18268 | 18285 | 18 548 | 18 452
FPA position 11 12 13 14
SCA number | 18453 | 18272 | 18 632 | 18 267

7 https://www.markury-scientific.com
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5.1. Disconnected pixels

Pixels with missing or not fully connected indium bumps
between the p-on-n diode and the metal pad of the ROIC occur
infrequently and are an issue in the detector system that needs
to be characterised. These pixels are permanently inoperable.
To efficiently discriminate between disconnected and opera-
tional pixels, a strategy was adopted to examine the pixel output
response to substrate bias (Dgyp) at room temperature.

Connectivity tests were performed before the entire set-up
was cooled down. Two sequences of 64 ramps were acquired
in UTR(1) with Dgy, set to S00mV and 550 mV, respectively.
The estimator used to identify the disconnected pixels is the dif-
ference between the pixel response measurements b, and b, at
two different polarisation values (changing Dg,,) of the substrate.
Specifically, the estimator is calculated as
d= ba=b _ ,

(b — 1)

where (b, — by) is the spatial mean of the difference of two
images b, and b,. For operating pixels, this value is close to 0,
whereas for disconnected pixels it is —1. In practice, a thresh-
old of —0.7 was set to discriminate between connected and
disconnected pixels. Pixels with estimator values ranging from
—0.7 to —0.2 were considered potentially disconnected and were
recorded for further investigation.

Depending on the SCA, the number of disconnected pix-
els ranges from a few hundred to a few thousand. The precise
numbers for each detector are reported in Table A.1. The results
show that disconnected pixels are randomly distributed, with no
noticeable clusters. Reference pixels formally have a disconnec-
tivity estimator d close to —1 due to their capacitive behaviour,
but should not be considered inoperable. The temporal stability
of disconnected pixels was tested in three independent tests, at
DCL, at CPPM and at LAM, in part with different bias voltages.
The two populations of pixels, connected and disconnected, were
shown to be stable over time and thermal cycling.

5.2. Baseline and dynamical range

Since in-flight acquisitions are based on MACC ramps, the base-
line is defined as the average value of the first 16 frames after
a pixel reset taken in dark conditions. It represents the pedestal
value for sampling up the ramp. The tuning of the baseline value,
described in Sect. 4, is critical since it defines the maximal signal
that can be detected, and it prevents entering into the non-linear
zone of ADC if the baseline setting is correct.

The ‘master’ baseline B is measured as the average base-
line over 500 ramps of 16 frames. For Euclid H2RG detectors,
the baseline typically ranges from 7000 to 15000 ADU before
reference pixel subtraction, as shown in the baseline image in
Fig. 6, and is reduced to 4000 to 10000 ADU after reference
pixel correction as indicated in Fig. 7. Table A.l reports the
median baseline values of science pixels after reference pixel
correction. Additionally, the median baseline values of reference
pixels are provided for each detector.

For photosensitive pixels, the difference between the Sth and
95th percentiles (spatially over an array) of the baseline values is
about 7000 ADU and this spread remains unchanged by the ref-
erence pixel correction. The shape of the distribution of baseline
values per detector deviates significantly from a typical Gaussian
function, which may be related to the manufacturing process.

The baseline of the reference pixels differs significantly
from that of the photosensitive pixels; it is lower and more
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Fig. 6. Baseline image of the whole FPA before reference pixel cor-
rection. This and all subsequent detector maps are displayed in the
R-MOSAIC coordinate system (Euclid Collaboration: Jahnke 2025).

uniform than the one of photosensitive pixels. For reference pix-
els, the per detector median baseline values, with the settings
described in Sect. 4, range from about 5000—6000 ADU. The dif-
ference between the 5th and 95th percentiles is slightly less than
3000 ADU.

The value of the baseline is directly related to the dynamic of
the pixels of 115ke™, which corresponds to a flux of 1000e™ s
in MACC(4,16,4) and 200 e~ s~! in MACC(15,16,11). The spatial
spread of the baseline values also represents the spatial spread
of the pixel dynamic. It means that not all pixels will be able to
observe an equally strong signal, some will saturate earlier or,
on the other hand, the same signal falling on pixels with dif-
ferent baseline values will be subjected to different sources of
non-linear behaviour.

Photosensitive pixels with a baseline significantly higher
than 60kADU do not have sufficient dynamic for scientific
applications and should be considered as unusable. Pixels with
baseline values lower than the acceptable DNL range shall be
also be flagged as unusable. These pixels are included in the bad
pixel budget described in Sect. 5.3.

5.3. Bad pixels

The survey efficiency requirement translates into a 95th per-
centile requirement of operational pixels for science. Pixels can
be inoperable permanently or for some amount of time, for exam-
ple if they are saturated by an energetic particle hit and the
signal cannot be recovered. Pixels are considered permanently
inoperable or ‘bad’ if they meet any of the following criteria:

— Pixels that are disconnected from the circuit are non-
functional for obvious reasons.

— Pixels that have the QE of less than 1% are non-functional
due to lack of light response.

— Pixels whose baseline values are outside the acceptable DNL
limits (B < DNLjoy) are non-functional, as they may exhibit
non-linear behaviour that is difficult to correct.

— Pixels with B > 60kADU are non-functional because they
lack sufficient dynamic for scientific purposes.
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Fig. 7. Distribution of the baseline values after reference pixel correc-
tion. The black dots represent the Sth, 50th, and 95th percentiles of the
science pixels baseline distribution.
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Fig. 8. Example of the spatial distribution of bad pixels across an array.

The budget of the inoperable pixels in each of the above-
mentioned categories, as well as their combined total, excluding
double-counting, is shown in Table 2. The number of non-
operational pixels does not exceed 0.2% per detector, which is
far below the requirement. The spatial distribution of bad pix-
els is typically sparse across the detector, as illustrated in Fig. 8.
Clustering is observed only in pixels with low QE.

5.4. Interpixel capacitance

In the infrared pixel detectors with the source follower per
detector input stage, which are based on CMOS hybrid readout
technology , there is a phenomenon known as electrostatic cross-
talk between pixels. This is because the fields coming from the
edges of the node capacitors in neighbouring pixels affect the
voltage readings in the central pixel. This results in a dependence
of the signal in the central pixel on the charges in adjacent pix-
els. This effect is typically modelled by introducing a coupling
capacitance between pixels, effectively connecting every pixel to
its neighbours. Naturally, the IPC is becoming more important in
near-infrared detectors as pixel size decreases (Moore et al. 2004,
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Table 2. Bad pixel budget per detector as measured during ground tests. In the last row the combined total, excluding double-counting, is given.

FPA position 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44

SCA 18#*%#* 453 272 632 267 268 285 548 452 280 284 278 269 458 249 221 628

QE<1% 630 3913 792 1640 969 3024 869 572 1431 635 1058 1952 1712 656 945 7181

disconnected 135 3223 589 252 313 2580 1512 146 1420 269 262 970 198 334 222 255

B < DNLpy 13 13 15 18 21 2040 16 4 7 1 1 61 10 7 6 1077

B> 60kADU 26 10 70 178 136 108 77 14 52 4 97 11 49 107 10 34

Total 764 5526 1266 1906 1295 3525 2157 694 2066 890 1289 2117 1864 927 1128 8483

20006; Fox et al. 2009). It is crucial to understand that this IPC is

not the same as charge diffusion. The latter involves the physical

movement of charge carriers between neighbouring pixels before [799-0

charge collection and is a stochastic process. Signal noise result- T I

ing from charge diffusion in neighbouring pixels is uncorrelated. 13 A 98.5

IPC cross-talk occurs after charge collection and is deterministic, :

resulting in correlated signal noise in neighbouring pixels. ; "
The presence of IPC needs to be accounted for in appli- 9808

cations like photometry or astrometry, as it blurs the PSF, b g

modifying both the size and shape of the sources. Moreover, as — 97.5%

it correlates the Poisson noise of the signal in adjacent pixels, I =

it can lead to an overestimation of the gain (ADU/e™), mea- ( o7, 0::

sured using photon-transfer-curve, as described in Sect. 5.6, and i

consequently to an overestimation of the QE while lowering the :

effective S/N in each pixel (Moore et al. 2006; Fox et al. 2009). 96.5
Furthermore, pixels frequently display a non-linear response,

as the pixel capacitance depends on the charge. This deviation 96.0

from the nominal capacitance value is typically modelled sepa-

rately, leaving the IPC to be treated as a linear effect. However,

accounting for IPC is essential, particularly when calculating the
conversion gain of the system (Secroun et al. 2018; Le Graét et al.
2022, 2024).

The IPC for the Euclid SCAs was measured using the
single-pixel reset (SPR) technique enabled by the guide mode®
of H2RGs. SPR enables the direct characterisation of IPC,
eliminating the necessity for an illumination source. This SPR
characterisation mode is incorporated into the command struc-
ture of the Euclid firmware and can be used as part of on
orbit calibration. This method is useful for isolating IPC, since
the charge is not generated in the photosensitive material, and
is therefore not susceptible to the effects of charge diffusion
(Finger et al. 2006; Dudik et al. 2012). In SPR, following the
setting of all pixels in the SCA to a single voltage and the initial
readout, a grid of widely spaced single pixels is reset to a sec-
ond voltage level. Following this reset, all pixels are again read
out. The difference of these two images will reveal any IPC as
a signal in pixels adjacent to the reseted pixels. The 3 x 3 pixel
IPC kernels were obtained for all SCA through SPR testing.
These couplings are uniform across the detector arrays, with
the observed dispersion of order of 1% if the specific regions
called ‘voids’ are excluded. The ‘void’ regions, presumably with
a missing epoxy layer between the HgCdTe substrate and the
ROIC, exhibit a significant deviation from the average value (yel-
low regions in Fig. 9) and affect the uniformity of the detector
response, but the flat field correction can remove this effect.

8 H2RG can interleave the readout of the guiding window with the
readout of the entire array, so that the science array can perform the
guiding function required to accurately stabilise the telescope (Beletic
et al. 2008).
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Fig. 9. Map of the central pixel value of the IPC kernel. The void regions
are visible as yellow shapes.

To achieve an accuracy below 1% for the central pixel, we
provide in Fig. 10 the average IPC value per detector. The para-
sitic coupling introduced by IPC contributes to less than 3% of
the pixel’s node capacitance and produces less than 1% of cross-
talk between nearest neighbours. The median values of the IPC
kernel are reported in Table A.1.

5.5. Quantum efficiency

Quantum efficiency is a measure of the fraction of photons inci-
dent on a detector that are converted into electrons and detected
as a signal. A high QE is therefore essential for a sensitive and
efficient detection system. By its nature, QE depends on the
incident photons’ wavelength. Measuring QE generally involves
comparing the signal recorded by a characterised sensor with the
signal recorded by an independent calibrated signal sensor (such
as a photodiode). The measurement is also sensitive to the effi-
ciency of charge collection in the detector and to the effective
charge-to-voltage conversion.

For the NISP detectors, QE data were obtained at DCL dur-
ing acceptance tests. The DCL dataset includes pixel QE maps
measured at 40 different wavelengths ranging from 0.6 to 2.6 pm,
with a resolution of 50nm steps and an absolute accuracy of
the QE measurements of 5%. A map of the mean QE in the
NISP J; band, calculated as the average QE from eight mea-
surements in the wavelength range of (1168—1567 nm), is shown
in Fig. 11. The reported median QE values are above 90% and
the 95% of pixels have QE above 80% across the entire spectral
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Fig. 10. Mean IPC kernel per detector with sub-percent accuracy.

R S 100
: : 98

96

94

[%] 3130

92

90

88

-86

Fig. 11. Map of the average QE in the NISP J; band (1168-1567 nm).

range of Euclid as shown in Fig. 12. Additionally, we provide the
explicit values for the 5th, 50th, and 95th percentiles of the aver-
age QE in the NISP photometric bands Y;, J; and Hg. in Table 3.
For the QE measurements, a detector-averaged gain, calibrated
with a dedicated electronic board was used. This may account
for QE values exceeding 100%. Additional factors affecting the
measurement precision include the relative accuracy of the pho-
todiode calibration, the uniformity of the illumination, and the
pixel area.

5.6. Conversion gain

The conversion gain is essential for measuring a variety of detec-
tor properties, including readout noise, dark current, and QE.
Since it defines the relationship between digitised counts from

QE (5th percentile) spectral response for the 16 flight SCA
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Fig. 12. QE as a function of wavelength. The points indicate the lowest
5th percentile per detector. 95% of the pixels have QE values higher
than 80% over most of the wavelength range.

the ADC and the photogenerated electrons detected by the sys-
tem, it allows for accurate calculations of detector performance
parameters in physical units.

The gain is generally viewed as a combination of three
distinct processes: (1) Charge-to-voltage conversion from elec-
trons to volts in the photodiode, (2) voltage amplification and
buffering in the ROIC, and (3) conversion from volts to ADU
in the external electronics. A detailed description of these
transfer functions can be found in Barbier et al. (2018). A
common method for determining the conversion gain is the
mean-variance method, also known as the photon transfer curve
(PTC) described in Janesick (2007). In this approach, a series
of exposures with varying fluences are taken under constant flux
to generate data. The signal variance is plotted against the mean
signal of each exposure, and a linear fit is applied to this data.
The inverse slope of this line represents the total conversion gain
from ADU to electrons.

The mean-variance curves were constructed using 15 flat-
field acquisitions, where the variance and mean signal were
computed for each pixel across 15 ramps taken under the same
flux conditions. Next, the average spatial variance was calculated
for each of the 32 readout channels of 64 x 2040 pixels after base-
line subtraction, which removes fixed pattern noise and excludes
bad pixels. Spatial correlations between pixels were neglected.
Spatial dispersion in the gain predominantly arises from the
output buffer of the multiplexer (MUX), the channel amplifier
before the ADC and the ADC itself — all these contributions are
shared across the same readout channel. Per-pixel contributions,
such as the pixel source follower gain and transimpedance gain
(charge-to-voltage conversion factor), are not included, as it is
an average spatial variance per channel. Average conversion gain
values for each channel are computed and shown in Fig. 13. The
dispersion of the conversion gain per channel is less than 1%. In
Table A.1 the average values of conversion gain per detector are
reported. The average conversion gain of the focal plane array
(FPA) is 0.52 ADU/e™, with about 3% variation between differ-
ent arrays. Average conversion gain values for each channel are
used to convert ADU to electrons in subsequent analyses.

The influence of the dynamic used to compute the conver-
sion gain was studied in Secroun et al. (2018). A method for
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Table 3. Percentiles (5th, 50th, and 95th) of the average QE in the NISP photometric bands Yz, Jg, and Hg.

FPA position 11 12 13 4 21 22 23 24 31 32 33 34 4 42 43 44
SCA 18*#* 453 272 632 267 268 285 548 452 280 284 278 269 458 249 221 628
QE[Y: |-5% 99 93 8 93 8 92 92 91 8 90 91 92 91 91 94 90
QE[Y: 1-50% 93 9 88 9% 92 94 94 93 91 92 94 94 93 93 96 92
QE[Y: 1-95% 97 98 90 97 9% 9% 9% 94 94 95 96 96 94 95 99 94
QE[J; ]-5% 92 94 92 94 90 93 92 92 9] 9 91 92 93 91 95 92
QE[J: ]-50% 95 9% 94 9% 92 95 95 94 92 93 94 94 95 93 97 94
QE[J: ]-95% 98 98 96 97 95 97 9 95 95 96 96 96 97 95 99 96
QE[H; ]-5% 92 95 92 9 91 94 94 93 9] 919 92 94 93 92 98 93
QE[H:]-50% 95 98 95 97 94 9% 9% 95 93 94 95 96 95 94 100 95
QE[H: ]-95% 99 100 9 99 97 98 97 9 9% 97 97 98 97 96 103 97

evaluating gain with higher spatial resolution, using 16 X 16
super-pixels, was derived in Le Graét et al. (2024). Using the
conversion gain measured per super-pixel, the effect of gain and
QE can be decorrelated, thus obtaining a more precise measure-
ment of QE. Le Graét et al. (2024) also discusses the influence
of IPC and signal non-linearity and proposes a method for
estimating gain corrected for these factors.

5.7. Noise performance

The source of noise can be the signal source itself, but in the
absence of illumination, the dominant sources of noise are in the
readout electronics and in the resistive component of the light-
sensitive material. The resulting noise is called readout noise.
It describes the typical variability of recorded counts from one
reading to another in the absence of illumination and, in the case
of sky observations, adds to the noise from the source itself.
Which noise sources are dominant in a given case depends on the
exposure time, acquisition mode, and signal estimation method.
Reset noise is the noise of the pixel’s zero level generated by
the diodes when connecting to the power supply. It is also called
kTC noise, as it varies proportionally with temperature 7' and
pixel capacitance C along with the Boltzmann’s constant kg as
the proportionality factor. Fortunately, the reset noise is com-
pletely removed by sampling up-the-ramp, but it is interesting
to quantify it to see by how much the offset of signal integra-
tion can vary from exposure to exposure. It is also a reference
for checking the state of the detectors. The comparison of the
current measured baseline and the reference baseline should be
consistent with the kTC noise.

In the case of very bright sources, which saturate the detec-
tor in a very short time, a typical solution is to use the CDS
technique, which makes it possible to easily adapt the exposure
time while avoiding saturation, thus increasing the accuracy of
the measurement. In such a case, it is necessary to estimate the
readout noise of a single readout. In the case of Euclid, the
acquisition mode is MACC rather than CDS, and no change
in exposure time is anticipated for bright sources. However, the
noise value of a single readout is required as input for the algo-
rithm of signal estimation using multiple frames up-the-ramp
(Kubik et al. 2016). Finally, the noise characteristics will also
depend on how the flux is estimated from up-the-ramp samples.

The following sections present an overview of the noise char-
acteristics of the Euclid H2RG detectors. First, typical reset noise
values are discussed, followed by an overview of single frame
readout noise and finally the readout noise of the signal estima-
tor, when multiple signal readouts are taken up the ramp and the
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slope is calculated using the algorithm described in Kubik et al.
(2016), is presented.

5.7.1. Reset noise

To estimate the reset noise of the NISP detectors, 500 dark expo-
sures of 16 frames up-the-ramp were taken. The 16 frames were
averaged per pixel for each of the exposures, forming 500 groups.
The standard deviation of the groups per pixel was computed
and this represents the reset noise of the first group in each of
the science acquisition modes of NISP detectors. These calcu-
lations were performed twice: first prior to the reference pixel
correction, and then after the frames were corrected using refer-
ence pixels. In Fig. 14 we show the obtained values as well as the
reset noise of reference pixels.

For photosensitive pixels, the reset noise is typically in the
range of 25 ADU rms (about 50 e rms), while reference pixels
have a reset noise of around 20 ADU. The noise is fairly homo-
geneous within each of the 32 channels of a detector, but each
channel has a different average noise level. The reference pixel
correction effectively reduces the baseline noise of photosen-
sitive pixels to approximately 23 ADU and reduces the spatial
dispersion of noise levels across channels. The FPA average reset
noise before reference pixel correction is equal to 25.5 ADU with
a 3.5% dispersion between arrays. After reference pixel correc-
tion, the average FPA reset noise is reduced to 23.9 ADU and the
dispersion between detectors is lowered to 2%. The median val-
ues of the reset noise after reference pixel correction are reported
in Table A.1. There is a correlation between the reset noise of the
reference pixels and the correction amplitude: higher reset noise
in the reference pixels results in a stronger correction.

5.7.2. Single frame readout noise

To estimate the detection chain noise of a single readout we used
90 exposures of 394 frames, UTR(394), acquired with no illu-
mination. After reference pixel correction, the non-overlapping
consecutive pairs of frames are subtracted to form 197 CDS
frames per exposure. The single frame readout noise is computed
as the standard deviation per pixel across these 197 CDS frames
and divided by V2 to account for two frames in one CDS pair.
The shot noise contribution of the dark current is negligible and
is not subtracted. The median per pixel is then taken across 90
values of noise frames to reject glitches and to form the final sin-
gle frame readout noise map. This map is converted to electrons
using the average conversion gain per channel.

The values of median noise per detector are reported in
Table A.1. The median values of the single frame readout noise
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Fig. 13. Conversion gain per channel computed using flat-field ramps with increasing (IR3 < IR4 < IR5) illumination levels. In the legends for each
detector the average gain over the 32 channels and the dispersion between channels are given. For all the three illuminations the mean conversion
gain for the whole FPA is 0.52 ADU/e™ with a 3% variation between arrays. The channel-to-channel gain variation inside a detector is less than
1%. The gain variation with signal is described in Le Graét et al. (2024).

current computation (see next section) were used. The slopes
were multiplied by the integration time characteristic for each
of the acquisition modes, i.e. by 87.2s and by 549.6s, respec-
tively, to obtain the total integrated signal in electrons. After
that, the standard deviation per pixel was computed from the sig-
nal variation between the 90 available ramps. The median values
per detector are reported in Table A.l. The median photomet-
ric noise oy, is below 7 e~ rms. The median spectroscopic noise
o 18 below 9e™ rms. The noise does not scale with exposure
time, because different acquisition modes are used. In spectro-
scopic mode 15 groups are taken, effectively lowering the noise
in signal estimation compared to when fewer groups would be
acquired along the ramp (Kubik et al. 2015).

of Euclid H2RG detectors are less than 15 e~ rms. The noise dis-
tribution is log-normal, the 95th percentile does not exceed 16 e~
rms and the 5th percentile lies between 10e™ rms and 14 e~ rms
depending on the SCA as shown in Fig. 15.

5.7.3. Readout noise

The readout noise (RON) of the detecting system is defined as
the standard deviation per pixel of the signal estimates S nisp.
It depends on the total exposure time and on the acquisition
mode.

To estimate the readout noise in photometric and spectro-
scopic acquisition modes, the same slopes used for the dark
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Fig. 14. Reset noise of science pixels before (blue circles) and after (red triangles) reference pixel correction. The reset noise of reference pixels
is shown as green circles. For each detector in the legend the average reset noise over the 32 channels is indicated, and in parentheses the relative
dispersion of the average reset noise between channels is given. At the top (in the title) we indicate the average reset noise over the whole FPA and
the dispersion between detectors before reference pixel correction. The values after reference pixel correction are given in brackets.

5.8. Dark current

Pixel dark current is another major factor affecting the perfor-
mance of pixel detectors. Its cause is the leakage current of the
photodiode, which is mainly thermally generated. However, the
measurement is also sensitive to the differential voltage drift
between reference and science pixels. Hence, an important factor
to consider when assessing the dark current is the whole SCS —
comprising the SCA and the SCE components. Moreover, it is
recommended to use matching dark and science exposures for
most astronomical infrared array detectors to remove any resid-
ual bias (Rauscher et al. 2007). This is achieved by ensuring that
the dark exposures are taken using the same acquisition mode as
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the science exposures. This is why in this section we report val-
ues of ‘photometric’ and ‘spectrometric’ darks that are evaluated
using the MACC(4,16,4) or MACC(15,16,11) acquisition modes,
respectively.

At the operating temperature of 87 K, the pixel leakage cur-
rent of H2RG detectors is very low, typically below 1073 e~ s
This is generally good for science, but also makes it difficult to
measure with high accuracy in science acquisition mode. Accu-
rate dark current measurements typically require many repeated
exposures. For example, assuming a dark current of 1073 e~ s™!
we would need to take more than 7000 ramps (requiring more
than a week of dark measurement) to achieve 1% accuracy on the
dark in photometric acquisition mode for pixels with the readout
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Fig. 15. Cumulative distributions of single frame readout noise for the
16 detector arrays after reference pixel correction. The black dots repre-
sent the 5th, 50th, and 95th percentiles of the distribution.

noise close to the median value. Therefore, in our measurements,
we did not aim for an accuracy of 1% when measuring dark
current, but were interested in measuring dark current under
‘operational’ conditions with fixed MACC modes and exposure
times.

Dark current values were computed from 90 exposures
acquired with UTR(394), each with a total exposure time of
about 10 minutes. The reference pixel correction was applied
to all exposures as the first step of data reduction. The NISP
onboard signal estimation algorithm (see Sect. 2.4) used was
the one implemented in the flight electronics on board Euclid
to obtain comparable values (Kubik et al. 2016). To calculate
the signal among 394 acquired frames, only the frames corre-
sponding to the in flight acquisition modes, i.e. MACC(4,16,4) or
MACC(15,16,11), were selected as input to the algorithm. Thus,
two different values of dark current were obtained: ‘photometric’
dark d,;, and ‘spectrometric’ dark ds, respectively. After remov-
ing exposures with detected anomalies at the pixel level, which
are very few and usually correspond to electronic glitches, the
cosmic rays component is insignificant due to the orientation of
the focal plane perpendicular to the Earth’s surface, a median
filter was applied to obtain dark current maps.

The average conversion gain per channel was applied to
convert ADU to electrons. The results for dark current mea-
surements dp, and dgp, given in Table A.l, are expressed in
electrons per second, allowing easier comparison between the
two. A higher value of dy, compared to dp, could be due to the
imperfect measurement conditions (e.g. with low-level residual
stray-light in the cryostat). Also, a different acquisition mode
can affect the measured value of the dark current, but it is
difficult to estimate the relative influence of different factors
on the measurement. The influence of persistence is excluded,
as the detectors were kept in the dark conditions for a long
time before the measurement began.

5.9. Non-linearity

The response of H2RG CMOS detectors, like that of many
other pixel-based devices, can deviate from the ideal linear
behaviour (Vacca et al. 2004; Plazas et al. 2017; Mosby et al.
2020). This analysis concentrates on ‘classical’ non-linearity,
namely the non-linearity associated with the conversion from

charge to voltage domain. In contrast to CCD devices, the non-
linearity in HgCdTe detectors varies from pixel to pixel. Attain-
ing sub-percent accuracy in correcting for this non-linearity is
crucial for the mission’s scientific objectives. In this section, we
examine the extent to which the pixel response deviates from
ideal linear behaviour following the tuning of the electronic
registers.

5.9.1. Characterisation of detectors non-linearity

The non-linearity is measured separately in photometric and
spectroscopic acquisition modes at several fluence levels rang-
ing from 1000 up to 80ke™ which corresponds to about 60%
of the typical pixel full well (assumed here to be of 130ke™ on
average). Typically, non-linearity is a measure of how much the
signal recorded at a pixel in the maximum dynamic deviates from
the signal measured as a linear fit to the start of the ramp of that
pixel. The response of the pixel is then modelled by a polynomial
function, the inverse of which is used as the linearising function
of the measured counts. In the case of Euclid, the inherently non-
linear signal sampled up-the-ramp is estimated on board using
the NISP onboard signal estimator Snisp described in Sect. 2.4
and the slope result is sent to the ground. Syisp is subject to a
systematic error due to the non-linearity of the pixel response,
since it assumes a linear behaviour. We therefore need to quan-
tify the deviation of Syisp with respect to the expected linear
signal, denoted hereafter as S ;.

To determine the degree of non-linearity in spectroscopic
acquisition mode, a typical acquisition pattern involves a
sequence of 30 flat-field ramps of UTR(394). The number of
exposures per flux is calculated in order to maintain a relative
flux error below 1%, provided that the number of exposures
does not exceed 30. Beyond this threshold, the measurement
was constrained by time limitations. The ramps after reference
pixel correction are modelled one by one using a third-order
polynomial per pixel. The use of higher-order polynomials has
been verified as unnecessary for the purpose of describing the
non-linearity of the ramps.

The expected linear signal Sy, — see also discussion in
Sect. 5.9.2 — is defined as the 1st-order coefficient of the poly-
nomial expansion, described in Appendix B, multiplied by the
exposure integration time. The zeroth-order coefficient repre-
sents the baseline estimator and can be compared to the inde-
pendent baseline measurements for the purpose of verification.
In our analysis, such a comparison was made, and the measured
coefficients were found to be consistent with the independent
baseline estimate.

The non-linear integrated signal Sysp is calculated using
the nominal NISP signal fitting algorithm described in Sect. 2.4
with the spectroscopic acquisition mode. At each illumination
level the average of S;, and Snisp per pixel is computed over 30
ramps and gives average (Si,) and (S nisp) maps. The degree of
non-linearity is quantified by measuring the deviation of the non-
linear signal from the expected linear signal, that is by taking the
difference between (S ;) and (S Nisp) per pixel and is expressed
as percentage of (Sy,) per pixel.

In photometric acquisition mode, the non-linearity was mea-
sured using exactly the same analysis and very similar statistics.
The only difference was that the ramps were acquired with
shorter integration time and the estimate of the non-linear signal
S nisp Was calculated using photometric acquisition mode.

In Table 4, we report the median non-linearity at maximum
measured signal of 80000 electrons in photometric and spectro-
scopic acquisition modes. 50% of pixels have non-linearity lower
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Table 4. Percentiles (5th, 50th, and 95th) of non-linearity at 80 000 integrated electrons in photometric and spectroscopic exposure time.

FPA position 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44
SCA 18*%#* 453 272 632 267 268 285 548 452 280 284 278 269 458 249 221 628
ph-5% 265 206 105 060 015 267 148 169 136 115 -045 237 202 237 203 181
ph-50% 346 294 245 2.54 1.79 3,52 249 256 261 249 204 331 278 3.09 296 290
ph-95% 430 3.82 331 403 284 440 335 332 358 342 336 437 348 3.78 381 3.77
sp-5% 270 2.01 008 017 -0.65 265 -111 152 066 059 -111 234 195 233 -1.84 1.50
sp-50% 372 310 235 251 146 372 246 264 239 231 1.59 349 292 321 3.07 292
sp-95% 470 418 3.57 427 279 477 353 356 3.66 356 329 473 375 404 411 395
] Least important is the impact of the number and spacing
41 >th—-95th percentile range between UTR samples used in the polynomial fit. Whether the
—— median ramp is fitted using all the frames UTR or using several groups
34 of 16 averaged frames, as for example in the nominal acquisition
) modes used by NISP, the difference does not exceed 0.1% and is
> 2] usually less than 0.05% provided that the exposure time is kept
T constant. Between these two options we choose fitting using all
§ 1 the sampled frames, as it is less prone to anomalies.
= More important is the dynamic that is used for the fit. In the
2 case where the polynomial fit uses only a part of the ramp, nat-
01 urally the linear coefficient will be sensitive to higher-order cor-
rections. In our acquisition scheme for measuring non-linearity,
-1 in which several flat-field ramps are taken one after the other, fit-
ting a polynomial to the first part of the ramp gives a higher flux

10 20 30 40 50 60 70 80
Siin [ke ™1

Fig. 16. Detector median non-linearity of the pixel response in pho-
tometric acquisition mode for SCA 18453 over all dynamical range
measured during ground tests. The shadowed band extends from the
5th to the 95th percentiles of the per-pixel distribution.

than 3.5% in photometric and 3.7% in spectroscopic acquisition
modes at 60% of the full well. 95% of pixels do not exceed 4.8%
deviation from linear integration.

Figure 16 presents the median non-linearity together with
the 5th-95th percentile range of the per pixel distribution for
one detector in photometric acquisition mode. In application, the
non-linearity is calibrated and corrected individually for each
pixel. At low signal levels, the per pixel non-linearity is pri-
marily driven by noise and further influenced by the systematic
effects discussed in Sect. 5.9.2. The exact median values of non-
linearity at high flux, and the scatter between the 5th and 95th
percentile can be read in Table 4.

5.9.2. Reference signal definition problem

Since the definition of the reference signal S iy, as the linear coef-
ficient of a polynomial function fitted to the ramp, could also
have a number of other definitions, it deserves a few words of
commentary.

For the same constant incident flux and assuming a constant
baseline level, the resulting value of the reference signal depends
on (1) the number and spacing of samples up the ramp, i.e. on
the acquisition mode, (2) the dynamic in which the signal is
measured, i.e. on the exposure time, and (3) the initial state of
the detector, which may be more or less susceptible to other
sources of linearity distortion, such as capture and release of
charges. These differences were measured for each of the cases
we analysed.
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estimate than an estimate based on all frames up the ramp and
the same order of polynomial function. For example, the linear
coefficient of 3rd order polynomial function using 76 first frames

S &6) can differ by 3% with respect to the 3rd order polynomial
function using 394 frames of the same ramp S 1(13[194). Interest-
ingly, this difference is in general almost constant with flux, as
illustrated in Fig. 17 by blue circles.

The only cases in which this difference increases with flux
are detectors with a large amplitude of persistence (red squares
in Fig. 17). It is the continuous capture and trapping of charges,
the rate of which varies depending on the state of the detector,
that has the greatest impact on the linear flux estimation. A clear
correlation between the non-linear reference definition and the
persistence amplitude is evident while comparing the structures
seen in Figs. 18 and 19. An accurate estimate of this effect in
all possible acquisition schemes and in all the range of fluxes
is beyond the scope of this paper. We will limit ourselves here
only to point out that the measurement of non-linearity is sys-
tematically subject to error due to other physical effects present
in the pixel, of which capture and emission of charges is, in our
case, one of the most significant. For example, at an illumination
level of about 12000 e, the difference in the estimation of the
linear signal using a fit of a 3rd-order polynomial function to the
exposure of 100s can reach about 10% depending on the mea-
surement scheme for detectors characterised by high persistence
currents.

Therefore, to estimate the degree of non-linearity, we try to
separate the effects of non-linearity from those of persistence.
We use a fixed measurement scheme in which the detector is
in a fixed illumination state and average the measurements over
a set of exposures measured in a similar state to reduce system-
atic effects apart from persistence. The non-linearity is measured
independently for photometric and spectrometric exposures, and
the expected linear signals are calculated independently in these
two schemes using the maximum number of points until the
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Fig. 17. Example of linear flux definition using ramps acquired in
UTR(394). Fit performed using 76 frames Sf;f) and 394 frames Sff:‘”.
The difference per pixel of first-order coefficients was computed and the
relative differences between the median signals per detector are shown
for two detectors: low persistence SCA18452 (blue points) and higher

persistence SCA18267 (red squares).
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Fig. 18. Difference between the linear coefficient of the polynomial to
the first 76 frames of the ramp with respect to the linear coefficient of
the polynomial to all the 396 frames that were acquired. A correlation
with the persistence map (Fig. 19) is evident. The difference in the linear
flux estimate for pixels with high persistence can reach 4%.

ADC saturation in each case. This measurement scheme allows
us to work with a constant and stable persistence contribution.
This condition will not be verified during flight. To achieve
required precision, a more complex model would be required that
takes both effects into account simultaneously.

5.10. Persistence

Image persistence is a significant problem in infrared detectors,
severely limiting data quality if its amplitude is large compared
to the background level. This problem manifests itself as residual
images, which can persist for several hours after observing a very
bright source.

The phenomenological model explaining image persistence,
proposed in Smith et al. (2008a,b), attributes it to charge trapping
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Fig. 19. Persistence amplitudes in percentage of the previous flat-field
illumination below saturation.

and release in the diode’s depletion region. Subsequent studies
characterised persistence amplitudes and decay based on flux,
fluence, and exposure time. Some models describe persistence
decay exponentially (Serra et al. 2015; Tulloch et al. 2019; Mosby
et al. 2020), while others use a power-law (Long et al. 2012; Long
et al. 2015), linking it to a wide range of trapping time constants.

A comprehensive description of the persistence properties
of the NISP detectors, as characterised during ground tests, is
provided in Kubik et al. (2024). Here, we summarise the typi-
cal persistence amplitudes observed after non-saturating fluences
and the characteristic timescale for persistence decay.

We measured the persistence current as a function of stimu-
lus amplitudes ranging from 5000 to 95 000 e~. For each stimulus
level, the persistence current was recorded during a dark expo-
sure UTR(276), following a flat-field exposure of UTR(76). At
each fluence level, the measurement was repeated 15 consecutive
times.

The integrated persistence charge per pixel was determined
by performing a linear fit to the dark ramp in UTR(276), mul-
tiplying the resulting slope by the typical NISP photometric
exposure time, and averaging over the 15 exposures. Following
a 5000 e~ stimulus, the median persistence per detector ranges
from 1 to 45e™, while after a 95000 ™ stimulus (near the pixel
full-well capacity of 130000e7), it spans from 10 to 300e™.
On average, the median persistence is below 0.3% of the stim-
ulus for sub-saturation levels for an exposure UTR(276) directly
following the stimulus (Table A.1). However, the persistence sig-
nal varies across pixels within individual detectors, as shown in
Fig. 19. The dependence of the persistence amplitudes on the
stimulus intensity is not linear, and the detailed description can
be found in Kubik et al. (2024).

In Fig. 20, we show the decay of the persistence current mea-
sured over two hours in dark conditions. The persistence current
follows a power-law decay

I(t) = Iyt ™ 4)

for all the detectors with the average power index 8 = 0.72
with about 15% of dispersion between detectors. The average
decay power coefficients per detector are given in Table A.1. The
detailed per-pixel analysis of the power law decay is presented in
Kubik et al. (2024).
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Fig. 20. Persistence decay over two hours after a flat-field of 80000 e™.
The lines between the dots were added to guide the eye; it is not the
result of fitting the model to the data.

6. Conclusions

The infrared detectors designed for the NISP instrument under-
went a comprehensive characterisation during the TVAC cam-
paign in 2019 in their flight configuration to ensure optimal per-
formance for the space mission. During this process, a detailed
evaluation of all key detector properties was carried out. This
included identification of defective or bad pixels, evaluation of
IPC, determination of gain and noise levels, measurement of
dark current, and analysis of response non-linearity and per-
sistence. As a result of these rigorous measurements, detailed
detector maps were created that provide a comprehensive repre-
sentation of pixel-specific properties.

The maps derived from the ground characterisation cam-
paign serve as a reference for in-flight calibration efforts,
enabling continuous monitoring and adjustment of instrument
performance under operational conditions (Cogato et al. 2024).
In addition, they are an essential tool for simulating instrument
behaviour (Euclid Collaboration: Serrano 2024), facilitating the
development and refinement of advanced data processing tech-
niques essential for correcting data collected during instrument
operation. By integrating these maps with both calibration and
simulation processes, the accuracy and reliability of scientific
observations is greatly enhanced, providing the high-quality
data necessary to achieve the mission’s scientific goals.

Ground characterisation workflow The test results were
achieved through the automated execution of a tightly designed
test plan to reach the required 1% measurement precision,
using advanced data acquisition software to efficiently execute
the process. This automation ensured nearly 100% operational
efficiency, with an extremely low failure rate, underscoring
the robustness of the test structure. The tests were conducted
continuously, operating 24 hours a day, 7 days a week, with
minimal downtime, demonstrating the reliability of the system
and its ability to maintain high performance over extended
operational periods.

Detector system parameter tuning An automatic tuning
procedure for all the SCS parameters was implemented and
executed, significantly reducing the testing time and improving
the overall efficiency of the process. The detector system
operating parameters were optimised as follows: the gain was
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set to 15 dB, the polarisation voltage to 500 mV, and the baseline
for the science pixels after reference pixel correction is in
the range from 4000to 10000 ADU. These settings allowed
the maximisation of the dynamic (excluding the DNL range),
while maintaining low readout noise. The resulting dynamic
was approximately 115ke™, corresponding to a maximum
measurable flux of 1000 e"s~! in MACC(4,16,4) and 200e"s™!
in MACC(15,16,11).

Detector system performance Regarding performance, the
number of disconnected pixels was found to be minimal —
fewer than 1000 per detector — and this number remained stable
throughout thermal cycles, demonstrating the detectors’ reli-
ability under varying thermal conditions. Pixels classified as
inoperable accounted for less than 0.2% of the total science
pixels.

The IPC coupling is minimal, with less than 1% cross-talk
between neighbouring pixels. Furthermore, 95% of the pixels
exhibit a QE greater than 80% across the full spectral range of
the Euclid mission, indicating high sensitivity and efficient light
capture.

The conversion gain is approximately 0.52 ADU/e”, with
a 3% variation between detectors and less than 1% variation
between channels of the same detector, ensuring consistent sys-
tem response. The reset noise is approximately equal to 25 ADU
and is effectively reduced to 23 ADU through reference pixel
correction.

The single frame readout noise is approximately 13 e~ rms,
with minimal variation between detectors, ensuring consistent
noise characteristics across the system. The signal estimator
noise is measured at 7 e~ rms in photometric mode and 9 e™ rms
in spectroscopic acquisition mode. The dark current is found to
be below the measurement accuracy threshold.

The deviation from linear response is less than 5% for
95% of the pixels, even at signal levels up to 80ke™, in both
photometric and spectroscopic MACC modes, reflecting the
high linearity of the detector’s response. The median persistence
amplitude is less than 0.3% of the signal, though it exhibits
significant spatial variation and differences between detectors.

Issues Achieving 1% precision per pixel necessitates exception-
ally stable measurement conditions, particularly for dark current
measurements, as well as a substantial volume of data to reduce
statistical errors. Defining and measuring a linear signal refer-
ence for non-linearity calibration is particularly challenging in
the absence of absolute calibration. The measurement duration is
a crucial factor, as continuous charge capture and release affect
the flux stability. The charge trapping and release have an impact
on all the measurements, including the characterisation of persis-
tence itself, adding further complexity to the analysis. Achieving
the required precision in correcting for non-linearity is challeng-
ing because persistence affects the non-linearity correction, and
it depends on the observation history. A model including the two
effects simultaneously would be required, but is not currently
available.

Calibration products, including the baseline, dead pixels,
dark current, non-linearity, and persistence, were also measured
under flight conditions during the early performance verifica-
tion phase in 2023 and during the nominal science operations.
The measurement schemes and algorithms used to generate the
final maps were based on the algorithms described in this paper.
The results of these measurements and their use are presented
in Euclid Collaboration: Polenta (2026). The comparison with
laboratory measurements is still being analysed.
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Appendix B: Data-based orthogonal polynomials formalism

We have a vector of dimension D of measurement points x; = {x,Xp,...,xp} and the vector of measured values y;(x;) =
{y1,Y2,...,yp}; for example, in an UTR(400) exposure, x; would be the frame number x; = {1, 2,...,400} and y; would correspond
to the ADU read in the pixel at each frame, y;(x;) = {100, 200, ..., 40 000}.

The pixel response is non-linear, and we assume that it can be modelled by a polynomial of order N:

N

Y0 = > B (B.1)
i=0

Then we choose to decompose the function y(x) on the basis of orthogonal polynomials P;(x),
N

Y0 = Y aiPix) (B.2)
i=0

where P;(x) is a polynomial of order 7, defined as

Pix) = ) ax'. (B.3)

=0

By identifying the coefficients in front of the j-th power of x in Eqns. (B.1) and (B.2) we get the expression of ; as a function of ¢;
and a;;:

N
ﬂj = Za/,»a,-j . (B4)
i=j

Physically 5y corresponds to the pixel baseline [ADU], f; is the expected linear flux value [ADU/frame] and B;- are the terms that
describe the deviations from the ideal linear response of the pixel to a constant incident flux [8;] =ADU/frame’.
The problem is to find the set of coefficients §; that fits the pixel response, so to find a;s and a;;s with i, j € 1... N. Below we present

the formulas to compute a;s and a;;s given measurement x; = {x, x2,..., xp} and y;(x;) = {y1,y2,...,yp}. The coefficients a;; of
each polynomial P;(x) are computed using the orthogonality and normalisation conditions on x; = {x{, X2, ..., Xp}
D
(P, Py) = Z Pr(x)Pp(x;) = O - (B.5)
i=1

For m > n this gives

D m

(P Pa) = D Pu(c)Pu(x) = " @iy (B.6)
i=1 k=0

Dividing the above equation by a,,0 and defining a;, i = % we get

0="Yu0o +ap Vul + Apy¥Ym2 + -+ Vo - (B.7)

Considering the orthogonality of P, to all P, withn < m (P,, = {Py, Py, ..., P,—1}) we construct a system of m linear equations with

) G
m unknowns a,; with j=1...m,

(P,, Py j=1 j=2 j=m

(Po, Pn) = 701a:111 70261;,12 s yOMa;7ll71 = Y00

(P, Pp) = yua,, Y2d,,  eee VimGpy =710

(P2, Pyp) = Y24, Y2, e Yomlpy =0 |. (B.8)
Ay

<Pm—17Pm> = 7111—1,la;n1 Ym—l,Za;12 “ee ')/m—l,ma,/nm = Ym-1,0

The system can be easily solved by any well established method. We propose the determinant method. To find a;, ; we compute the
determinant of the matrix I,

Yo1 Yo2 cee Yoj cee Yom
Y11 Y12 et Y1j e Yim
r=| 7 Y2 o Y2j 0 Yam | (B.9)
Ym-1,1 Ym-12 ° VYm-1,j °° Ym-lm
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and the determinant of I'; where the j-th column of I" was replaced by the vector of free terms {yoo . . . Ym-1,0)

Yo1 Yo2 e Yoo s Yom
Y Y12 Y10 Yim
r;= Y21 Y22 Y20 ot Yoam | (B.10)
Ym-11 VYm-12 *°° Ym-10 " VYm-1m

The solution for a, i is then:

, detFj
Ay = ﬁ : (B.11)
The absolute scale of the coefficients a,,; is found by considering the normalisation of P,,(x)
(P Py = Y X", (B.12)
from which we have
N N -1/2
amo = Z ((l;ii Z x2i) + 2a;m~ Z ar/nj Z .XHj (B.13)
i=0 j=i+l
and
amj = a;njamo . (B.14)
The coefficients a; are found by projecting the measurements y; on the basis of the orthogonal polynomials:
D D m )
W = (Y Pr) = D yiPu(x) = D 4i ) amx] (B.15)
i=1 =1 j=0

In summary, in order to fit the data using orthogonal polynomials one needs to do the following:

— Compute a;; using Egs. (B.11), (B.13), and (B.14). It is common for all the pixels, as it depends only on the time coordinates x.

— Compute «; using Eq. (B.15). This quantity is pixel dependent as it depends linearly on the pixel signal values y.

— Compute §; using Eq. (B.4).
This method offers a significant advantage over traditional numerical fitting approaches, particularly when applied to a dataset of this
magnitude (involving independent fits for 2040 x 2040 pixels by 16 detectors across numerous fluence levels). The key benefit lies in
the pre-computation of the a;; coefficients for the entire dataset. Once these coefficients are determined, the computation is greatly
simplified to straightforward multiplications of per-pixel signal values to calculate a;;. This makes the method highly efficient and
scalable for large datasets.
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