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ABSTRACT

This paper presents the specification, design, and development of the Visible Camera (VIS) on the European Space Agency’s Euclid mission. VIS
is a large optical-band imager with a field of view of 0.54 deg? sampled at 0”1 with an array of 609 Megapixels and spatial resolution of 07 18.
It will be used to survey approximately 14 000 deg” of extragalactic sky to measure the distortion of galaxies in the redshift range z = 0.1-1.5
resulting from weak gravitational lensing, one of the two principal cosmology probes of Euclid. With photometric redshifts, the distribution of
dark matter can be mapped in three dimensions, and, from how this has changed with look-back time, the nature of dark energy and theories of
gravity can be constrained. The entire VIS focal plane will be transmitted to provide the largest images of the Universe from space to date, reaching
map > 24.5 with a signal-to-noise ratio S/N > 10 in a single broad I ~ (r+i+ z) band over a six year survey. The particularly challenging aspects
of the instrument are the control and calibration of observational biases, which lead to stringent performance requirements and calibration regimes.
With its combination of spatial resolution, calibration knowledge, depth, and area covering most of the extra-Galactic sky, VIS will also provide
a legacy data set for many other fields. This paper discusses the rationale behind the instrument concept and describes the instrument design and
development before reporting the pre-launch performance derived from ground calibrations and brief results from the in-orbit commissioning. VIS
should reach fainter than mag = 25 with S/N > 10 for galaxies of full-width half-maximum of 0”3 in a 1”/3 diameter aperture over the Wide
Survey, and mp > 26.4 for a Deep Survey that will cover more than 50 deg?. The paper also describes how the instrument works with the other
Euclid components of survey, telescope, and science data processing to extract the cosmological information.

Key words. Space vehicles: instruments — Instrumentation: high angular resolution — Instrumentation: detectors — Methods: observational —
Methods: statistical — Gravitational lensing: weak

1. Introduction that modified to include a linear description of the equation of
state of dark energy.

VIS is a large optical-band imager in the European Space

Agency’s (ESA’s) Euclid cosmology mission aimed primar-
ily at investigating the nature of dark energy and dark matter
(Réfrégier 2010; Laureijs et al. 2011; Mellier 2016; Racca et al.
2016; Euclid Collaboration: Mellier et al. 2024). By measuring
the correlated distortions of galaxies at different spatial scales
and redshifts caused by weak gravitational lensing, the growth
of structure in the Universe and its expansion history can be de-
duced (for an early review see Mellier 1999). From this, param-
eters for cosmological models can be determined, including the
cosmological parameters for the ACDM concordance model or

* e-mail: m.cropper@ucl.ac.uk
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Weak lensing is one of the most powerful probes of dark
matter and large-scale structure, and for constraining the nature
of dark energy if the requisite level of control of observational bi-
ases can be achieved (Albrecht et al. 2006; Peacock et al. 20006;
Frieman et al. 2008). A large number of galaxies must be im-
aged to measure the correlated distortions with sufficient preci-
sion, so a characteristic of VIS is its exceptionally large field of
view sampled at high spatial resolution. Euclid also measures
the growth of structure through galaxy clustering measurements
using infrared spectroscopy and infrared imaging provided by
the other instrument on the payload (NISP, Euclid Collabora-
tion: Jahnke et al. 2024). The infrared measurements provide
constraints on the cosmological parameters complementary to
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those from weak lensing. With these two instruments Euclid is
expected to provide the most advanced observational data on
the large-scale constituents of the Universe, with power that ex-
tends beyond testing standard cosmological models to constrain-
ing modified gravity alternatives and the neutrino mass hierarchy
(Amendola et al. 2018). In addition, the combination of high spa-
tial resolution visible band imaging from VIS with infrared spec-
troscopy and deep imaging over the majority of the extragalac-
tic sky will provide a wide range of science beyond cosmology
alone (Réfrégier et al. 2008, 2010; Laureijs et al. 2011; Euclid
Collaboration: Mellier et al. 2024). Euclid will also be a resource
for other facilities, especially those with narrower fields, such
as the James Webb Space Telescope, but also for other surveys,
such as those carried out by the Vera Rubin Observatory and the
Nancy Roman Telescope, which will match the VIS spatial reso-
lution in the infrared.

Euclid grew from the merger of two proposals from the sci-
entific community, DUNE and SPACE, submitted to ESA in
2007 October for the second Medium Mission call in their Cos-
mic Vision Programme. SPACE was to carry out spectroscopic
galaxy clustering measurements, and DUNE weak lensing ob-
servations (with a VIS precursor responsible for the shape mea-
surements). Through the gravitational bending of light by the
density inhomogeneity in the Universe, the shapes of distant
galaxies are distorted by the matter distribution along the line of
sight. Creating a 3-dimensional matter map — that is dominated
by dark matter — requires successively distant foregrounds to be
removed in a tomographic process in order to measure more dis-
tant matter distributions; hence redshifts of the galaxies are also
required. With careful calibration, photometrically-derived red-
shifts are sufficient for this purpose, so DUNE also included an
infrared imaging channel, with the optical bands secured through
ground-based imaging. In the merged concept that became Eu-
clid, this infrared channel was incorporated into the previous
SPACE infrared instrument to create NISP (Euclid Collabora-
tion: Jahnke et al. 2024), while the visible channel, VIS, was
largely unchanged. After phase-A and -B1 studies, Euclid was
selected for flight in mid-2011, and the satellite was launched on
2023 July 1.

With the launch of Euclid, VIS will be the second largest
focal plane in space, after that in ESA’s Gaia mission (Gaia Col-
laboration et al. 2016). Whereas in the case of Gaia only small
regions associated with each object are transmitted to Earth, full
images are available from the Euclid VIS focal plane. These will
therefore be the largest images of the external Universe. A chal-
lenging characteristic of VIS is the exceptional level of knowl-
edge of the instrument that is essential in order to achieve the
level of control of observational biases.

In the ESA mission organisation, the spacecraft including
the telescope and the mission operations are the responsibility
of ESA, while the instruments and the Science Ground Segment
to process the data are provided by consortia of scientific insti-
tutes funded from their national agencies. In the case of VIS,
the agencies are those of the United Kingdom, France, Italy, and
Switzerland. The activities associated with the two instruments
and Science Ground Segment as well as a number of Science
Working Groups for both cosmology and the wider astronomi-
cal fields are coordinated by the Euclid Consortium,' a grouping
of some 2000 scientists and engineers who work with ESA to
deliver the mission.

Biennial reports during the VIS development can be found
in Cropper et al. (2018) and references therein. This paper starts

! https://www.euclid-ec.org

with the design rationale for VIS (Sect. 2), then continues with
the instrument design (Sect. 3). Shorter sections on the instru-
ment assembly (Sect. 4) and operation (Sect. 5) are followed by
the VIS pre- and immediate post-launch performance (Sect. 6).
It ends with some open points (Sect.7) and a final summary
(Sect. 8).

2. Rationale for the VIS concept

In order to provide a context for the design of VIS, we start by
providing a general overview of the considerations for the im-
plementation of an advanced weak lensing survey. This includes
the telescope and instrument, as well as operations and the data
analysis.

The weak lensing requirements for Euclid originate in the
Phase-0 Study by the French Space Agency CNES for the DUNE
precursor (Réfrégier et al. 2006, summarised in their Table 1).
This identified that in order to reach the necessary statistical pre-
cision mediated by the number of galaxies available for measure-
ment, a survey covering approximately 20 000 deg” would be re-
quired, and that to measure galaxy shapes out to a median red-
shift of z~ 1, typical galaxy sizes would require an image qual-
ity of (0723, spatially Nyquist sampled. This set a requirement
of 2 x 103 on the total survey pixel number. Given a mission
duration of 3 years, considered feasible at the time, an exposure
of 1300 seconds imposes a focal plane of 2.7 x 10® pixels, or
an array of 4x4 detectors of 4kx4k pixels. Such quick calcula-
tions should be adjusted by the efficiency of the survey and the
required exposure times, as well as the survey duration, but this
established the feasibility for an instrument of achievable scale
in an ESA Medium Mission.

The next step was to consider the signal-to-noise ratio (S/N)
in order to size the telescope and define the passband as well as
the quantum efficiency of the detectors. Réfrégier et al. (2006)
adopted a single wide passband from 566 nm to 1 um to max-
imise the S/N for shape measurements, with red-sensitive CCDs,
and determined that a telescope aperture of 1.2 m, would provide
a S/N > 10 for the faintest sources, just adequate for weak lens-
ing measurements. We step back to consider these in more detail.

2.1. Mission and spacecraft

The complex task of setting the scientific requirements for the
Euclid mission, and hence the weak lensing science perfor-
mance, is carried out by the Science Working Groups within the
Euclid Consortium. This is itself an advanced scientific activity
which has progressed in understanding with the development of
the mission.

The weak lensing science considerations established during
the Euclid study phases were consolidated in The Euclid Imag-
ing Consortium Science Book (Réfrégier et al. 2010) with those
at the higher level in Amendola et al. (2018). Briefly, the logic
was (and remains) as follows.

1. The primary function of Euclid is to distinguish between the
ACDM cosmology (i.e., with a cosmological constant) and
alternative cosmologies. It was considered (Laureijs et al.
2011, section 2.1.2; Amendola et al. 2018, section 1.5.1; Tay-
lor et al. 2007) that there should be < 0.01 chance that, from
the Euclid weak lensing data, ACDM might be incorrectly
established as an acceptable cosmology, corresponding to a
Bayes factor of 1:100 that a dark energy equation of state
w = —1 at all redshifts, compared to evidence of any devia-
tion. This requires measurements that permit a figure of merit
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Table 1: The summary characteristics of the Euclid mission as set out in the Euclid ‘Red Book’* .

SURVEYS
Area (deg2) Description
Wide Survey 15,000 (required) Step and stare with 4 dither pointings per step.
20,000 (goal)
Deep Survey 40 In at least 2 patches of > 10 deg’
2 magnitudes deeper than wide survey
PAYLOAD
Telescope 1.2 m Korsch, 3 mirror anastigmat, ~24.5 m
Instrument VIS NISP
Field-of-View 0.787x0.709 deg” 0.763%0.722 deg”
Capability Visual Imaging NIR Imaging Photometry NIR Spectroscopy
Wavelength range 550- 900 nm Y (920- J(1146-1372 | H(1372- | 1100-2000 nm
1146nm), nm) 2000nm)

Sensitivity 24.5 mag 24 mag 24 mag 24 mag 310" erg cm-2 s-1

100 extended source | 5o point 5o point 5o point 3.5¢ unresolved line

source source source flux
Detector 36 arrays 16 arrays
Technology 4kx4k CCD 2kx2k NIR sensitive HgCdTe detectors
Pixel Size 0.1 arcsec 0.3 arcsec 0.3 arcsec
Spectral resolution R=250
SPACECRAFT

Launcher Soyuz ST-2.1 B from Kourou
Orbit Large Sun-Earth Lagrange point 2 (SEL2), free insertion orbit
Pointing 25 mas relative pointing error over one dither duration

30 arcsec absolute pointing error
Observation mode Step and stare, 4 dither frames per field, VIS and NISP common FoV = 0.54 deg’
Lifetime 7 years
Operations 4 hours per day contact, more than one groundstation to cope with seasonal visibility

variations;
Communications maximum science data rate of 850 Gbit/day downlink in K band (26GHz), steerable HGA

Notes. @ (Laureijs et al. 2011). At the time of publication a Soyuz launch was anticipated.

(FoM) greater than or equal to 375. The FoM, as forecast us-
ing a Fisher matrix analysis, is proportional to the inverse of
the area of the error ellipse in the (wgy, w,) parameter space
of the first-order Taylor expansion w(a) = wy + w,(1 — a),
where a = 1/(1 + z) is a scale factor of the Universe. To
achieve this, the error ellipse constrained by Euclid obser-
vations should confine the uncertainty of wy to be less than
0.01 and that of w, to be less than 0.1. These constraints as-
sume the combined analysis of the weak lensing and galaxy
clustering data — on their own each probe results in larger
uncertainties. Requirements for weak lensing were therefore
derived from cosmological forecasts assuming a prior corre-
sponding to the expected galaxy clustering constraints (Lau-
reijs et al. 2011).

2. Amara & Réfrégier (2008) considered the number of galax-
ies required to shrink the error ellipse to within a range
of permitted maximum width. This is effectively driven by
the shot noise. They plotted this as a function of survey
area (their fig. 11) assuming 35 suitable galaxies/arcmin?.
A width of 1% (corresponding to FoM = 375) was reached
with a survey of 20 000 deg?. This sets the scale of the survey
and the S/N to be reached to permit the shape of the galax-
ies to be measurable. This creates the first three Euclid weak
lensing top-level science requirements that are captured in
the Science Requirements Document Euclid Collaboration
(2015).

3. Accounting for only the shot noise, this number of galaxies
provides the maximum precision achievable. However, any
incorrect calibrations of the data will leave residual biases
which will displace the location of the error ellipse, so an
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upper value limiting this displacement sets the requirement
for additive biases osys < 1077 and multiplicative biases
my < 1073 (Amara & Réfrégier 2008, equations 21 and 22).
This creates the fourth top-level science requirement.

4. Euclid weak lensing requires the distance to the galaxies to
be known, and this is achieved through photometric redshifts
with the contribution of external data and infrared photome-
try provided by NISP. The final three top-level requirements
control the performance of external data biases, for example
the photometric redshifts

A schematic overview of what is required is shown in Fig. 1.
Achieving the requisite survey area and S/N requires signifi-
cant analyses and trade-offs, but what really sets Euclid apart
is the requirement in item 4 above in respect of the control of bi-
ases. Ultimately, there will be residuals after calibration in all of
these contributions, and it is these residuals which will be judged
against the requirements.

The overall mission summary is shown in Table 1 as pre-
sented in the Euclid Definition Study Report (the ‘Red Book’,
Laureijs et al. 2011). With the successful selection of Euclid
in mid-2011, the science requirements were more strictly devel-
oped — for weak lensing see Cropper et al. (2013), formalised in
Euclid Collaboration (2015). The requirements flowdown for the
mission to achieve the science was expanded significantly. Start-
ing from the Science Requirements Document, the requirements
flowdown continued with a Mission Requirements Document
(Euclid Collaboration 2013a); these in turn lead to hierarchies of
requirements documents for the overall system, the instruments,
the data processing, mission operations, and science calibrations.
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Dark energy parameter accuracy

|

Shear measurement accuracy

Statistical precision (Figure of Merit)
Number of galaxies
Signal-to-noise ratio

Astrophysical biases Observational biases
Non-linear growth
Impact of baryons on
small scales
Intrinsic alignments
Sky backgrounds
Source blending
Noise bias
Galaxy colour gradients
Photometric redshifts
Cosmic rays

Biases

Model errors

Model approximations
Coding errors

Fig. 1: An (incomplete)
overview of the factors
relevant to reaching suf-
ficient constraining power
in a weak lensing survey
and their relationship to
the top-level weak lensing
requirements in the Sci-
ence Requirements Doc-
ument (Euclid Collabora-
tion 2015). Once suffi-
cient statistical precision
is reached, attention has
to be paid to biases aris-
ing from the nature of
the Universe, those aris-
ing in the observations,
and those in the cosmo-

Survey biases

Survey mask
Pointing accuracy

Calibration biases

Telescope biases

PSF ellipticity and R2
Bandpass
Distortion

External data biases

Photometric redshifts
Spectral energy

‘ logical modelling. The fi-

nal accuracy of the exper-
iment is set by the residu-
als after treatment of all of
these effects.

distributions

Instrument biases
Pixellation
Pixel Response

Non-Uniformity
Tree rings
Brighter-fatter effect

(signal level dependence)
Cross-talk (electronic)
Charge Transfer Inefficiency
Pixel Bounce
Bias level

(electronic reference)
Gain (e-/digital unit

Differential non-linearity

Allocations were made for many of the biases in Fig. 1, with the
Massey et al. (2013) formulation for translating image quality to
weak lensing bias. The requirements for the mission, satellite,
telescope, and instruments were carefully separated and alloca-
tions were apportioned and assigned throughout the Euclid sys-
tem in a substantial flowdown, eventually reaching, for example,
individual subsystems in the telescope and instruments, process-
ing functions in the science ground segment, and repetitive units
and calibrations in the survey. These and other effects were com-
bined in an inverted-tree structure, the top level of which was re-
quired to meet the allocations in point 3 above. The document di-
rectly setting the VIS requirements is the Payload Elements Re-

Non-linearity (in electronics)

Data Processing biases

Black-level subtraction
Photo-response non-
uniformity correction
Charge transfer efficiency
correction
Pixel bounce correction
Gain correction
Cosmic ray removal
Cross-talk correction
Non-linearity corrections
Brighter-fatter effect
corrections
Background subtraction
Astrometric corrections
Star-galaxy separation
PSF fitting
Photometric corrections

quirements Document (Euclid Collaboration 2018b), but other
documents also influence the VIS design, testing, and opera-
tion. For example, calibration requirements are in the Calibra-
tion Concept Document Part-B (Euclid Collaboration: Schirmer
et al. 2014) and in respect of operation during the survey they
are in the Mission Operations Concept Document (Euclid Col-
laboration 2018a). In addition to performance requirements, a
number of technical documents apply, including the Experiment
Interface Document (Euclid Collaboration 2016) and the suite of
ESA European Cooperation for Space Standards (ECSS)?> which
also specify formal procedures, such as for testing. From these,

2 https://ecss.nl
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lower level requirements were derived. Within the VIS instru-
ment itself, the number of requirements in the flowdown eventu-
ally exceeded 4000 (Euclid Collaboration 2018b; Awan 2016).

It should be noted that because the Euclid mission does not
produce cosmological parameters, only the means by which they
can be computed by the wider community, there are no higher-
level requirements above those in the Science Requirements
Document. It has however been demonstrated through a higher
level of analysis (for example Aussel & et. al 2018) that the Pri-
mary Science Objectives in Table 1 of the Science Requirements
Document will be met, which includes the necessity to reach a
FoM > 375 as discussed in Sect. 2.1.

In the intervening period a greater understanding has been
achieved of how the different biases interact. It was recognised
that the hierarchical combination of requirements is too restric-
tive, and a different formalism was developed to address this
(Euclid Collaboration: Paykari et al. 2020) and used for System
Performance Verification at the Euclid Mission Critical Design
Review (Aussel & et. al 2018). More recent explorations of how
these requirements may be formulated and combined are in, for
example, Kitching et al. (2019) which examined the spatial ef-
fect of biases across the survey. Margins have been found, while
on the other hand, some of the more recently identified effects
in Fig. 1 remain without allocations. Euclid project reviews still
compare outcomes to the formal flowdown, as it has proved too
complex and in most cases, for example in commercial contracts,
unfeasible to reformulate iteratively the morphology of the en-
tire structure. Fortunately, at the top level, the outcomes remain
consistent or conservative.

2.1.1. Statistical precision

Measuring the distortions (or ‘shear’) caused by weak gravita-
tional lensing of galaxies is challenging for a number of reasons.
The projected shapes of galaxies are non-circular in general.
Hence many galaxies are required in order to average out this
intrinsic ‘shape noise’ and to establish an underlying distortion
in any particular direction on the sky. The distortions are small,
approximately 1%, and typical galaxy diameters in the redshift
range z ~ 0.1-1.5 (where the accelerated expansion of the Uni-
verse from dark energy is most prevalent) are sub-arcsecond, so
that their images will be coarsely sampled. This combination of
effects can be overcome only by measuring a very large number
of galaxies. Assuming the measurement process itself is perfect,
the ultimate precision of any derived parameters will be set by
the scale of the survey and the S/N that can be achieved. The
imperative of this statistical precision places it at the top level of
Fig. 1.

2.1.2. Systematic effects — biases

Having achieved sufficient statistical precision, the main chal-
lenge for the Euclid weak lensing is to maintain the requisite
control of the systematic effects to meet the scientific require-
ments. There are a number of sources of bias in the measure-
ments (Fig. 1), arising in the telescope and instrument (for exam-
ple nonlinearity of response); in the interaction of the instrument
with the Universe (for example selection effects arising from the
instrument passband); and in the Universe itself (for example
the intrinsic alignments of galaxies around mass concentrations).
These biases require calibration and/or modelling for correction,
and, for the levels of accuracy demanded in Euclid, the correc-
tions can all be considered at least marginally incorrect. The ul-
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timate accuracy of the experiment will therefore not only depend
on the initial precision from the survey, but also the level of suc-
cess in making these corrections. It is the residual biases after
the corrections which will set the accuracy of the cosmological
parameters (Fig. 1).

It was understood from the outset that it would be essen-
tial to achieve a high level of calibration knowledge in all re-
spects. A key principle in achieving this would be simplicity of
operation. Wherever possible these calibrations should be de-
rived at the same time as and from within the science image it-
self, for example by monitoring the telescope performance using
stellar images, backed up by a demanding level of opto-thermo-
mechanical and electrical stability to be achieved through care-
ful hardware and survey design. In order to maintain both opto-
mechanical and electrical stability both in VIS and in the ex-
ternal optical path, the permitted range of variation in tempera-
ture must be limited, placing strong constraints on the changes
in thermal dissipation within the instrument, and on the space-
craft and survey. With respect to the operation of the instrument,
if dissipation cannot be entirely constant, then at least the oper-
ations should consist of the same repeated sequence throughout
the survey, resulting in a predictable thermal state of the instru-
ment.

2.2. The current Euclid configuration

Euclid’s fundamental parameters derived in the DUNE Phase-0
Study (Réfrégier et al. 2006) have evolved. Instead of 1300 s, the
total exposure is approximately twice that, resulting in a higher
S/N. The survey now takes 6 years instead of the envisaged 3 to
observe 15000 deg? with a reduced survey efficiency caused in
part by calibration and pointing constraints. In the optical, im-
ages from a telescope with a 1.2-m diameter primary mirror pro-
viding a 0.787x0.709 deg? field of view are focused on a much
larger array of 6x6 detectors with 4kx4k pixels, each pixel sub-
tending 0”1. With the telescope and detector sensitivity and a
passband from 550-920 nm, mag > 24.5 at S/N > 10 was re-
quired for the fields in the main survey. The total mission life-
time is to be 6.5 years. Other characteristics of the survey and
orbit are in Table 1.

The characterisation of the morphology of the optical point
spread function (PSF) provided by the telescope is one of the
most important calibrations, because the measured shape of a
galaxy will be significantly rounder if the PSF is wider. The
required knowledge of the shape of the PSF to correct this ef-
fect is extreme. It drives the temporal and spatial stability of
the optical system across the field of view, and the shaping of
the passband. In order to minimise the complications arising
from colour-dependence and the tendency for ghost images in
transmissive optics, the optical system should be fully reflective.
Diffraction effects, such as those introduced by secondary mir-
ror supports, should be minimised. In early configurations for
Euclid the focal planes of the two instruments would sample
adjacent fields, with the overlap between the two instruments
achieved by stepping though the survey in such a way that one
instrument would subsequently record the field from the other.
However, besides constraining the survey, this required the field
of view provided by the telescope to be impractically large to ac-
commodate the already large fields of view of both instruments.
The change was therefore made to separate the optical feed by
wavelength, using a dichroic. As this is constructed from a large
number of interfering layers, different wavelengths are reflected
from different layers, each with their own optical properties. In
addition there is the propensity to create optical ghosts from the
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rays passing through the multilayer dielectric stack and reflect-
ing from the back of the optical element. This element, and some
of the others in the optical system which use multilayer dielectric
stacks to shape the VIS and NISP passbands, therefore cannot be
considered simple reflectors.

2.3. VIS instrument concept

To minimise biases, simplicity of design and operation would be
vital for VIS. We elaborate here the considerations that shaped
the VIS instrument concept. For example, no filter wheel could
be contemplated because the variability induced by changes in
image location and shape resulting from a moving mechanism
could not be sufficiently characterised for the level of accuracy
required for weak lensing.?

2.3.1. Detectors and focal plane

The accurate knowledge required of the effects within the detec-
tors and associated detection chain was a driver on the choice
of detector technology. With their high sensitivity from infrared
to red optical wavelengths, and their relative immunity to ra-
diation damage by ions from cosmic rays and Solar protons,
HgCdTe detectors were one option for Euclid VIS. However, the
high level of knowledge of, and stability of, charge-coupled de-
vices (CCDs) were ultimately more critical characteristics, de-
spite their susceptibility to radiation damage by ions, even for a
mission duration of 6.5 years. A further consideration was the
ambition and cost of populating a focal plane of the size of VIS
by infrared detectors within the envelope of an ESA M-class
mission.

Photons arriving at a CCD can generate electron-hole pairs
in a depleted region in the pixel (Janesick 2001). The electrons
can be collected at the end of an exposure by passing them along
the rows and columns of the CCD to a readout node. The de-
sign of the CCD would be critical to the performance of VIS. It
should be of the highest possible sensitivity (Detective Quantum
Efficiency) especially at red wavelengths to exploit the smoother
shapes of red galaxies for shape measurements; hence it should
be back-illuminated so that the pixel electrode structure is not in
the light path, and also sufficiently thick that it is not transparent
at longer wavelengths. On the other hand, diffusion effects within
the pixels modify the measured PSF as a function of wavelength
and of measured flux, and as the detector thickness is increased
these effects become problematic.

Detector pixel sizes should be commensurate with adequate
sampling of the PSF, the size of which is set by the optical system
and the satellite pointing performance provided by the attitude,
orientation, and control system (AOCS). Pixels should be large
enough to store sufficient charge to maximise the dynamic range
of signals the instrument can record without saturating, but not
too large to drive unnecessarily the physical size of the focal
plane and therefore the mass of the instrument. In line with the
drive for calibratability, the internal structure of pixels should be
as simple as possible.

While, if care is taken with the operation of the CCD, the
integrity of the charge packet as it is transferred to the read-
out node is remarkably preserved, intrinsic or radiation-induced
damage sites in the Si lattice can temporarily trap electrons, re-
leasing them into the charge packet of subsequent pixels and

3 The NISP instrument incorporates a filter wheel, but NISP is opti-
mised for galaxy clustering and does not require the same level of PSF
knowledge as that required for weak lensing.

hence changing the recorded shapes of images. It is important
therefore that the overall number of transfers be limited by the
provision of sufficient readout nodes on the CCD. This must be
balanced by the consideration that each readout node requires a
dedicated set of electronics to digitise the signals, with the asso-
ciated system resources of power and spatial accommodation.

As the radiation damage increases during the mission, the
charge trapping during transfer becomes a driving factor, as it di-
rectly affects the shape measurement by eroding the leading edge
of a galaxy image and adding a trail of released electrons as it is
transferred through the CCD. Any design decisions to the CCD
itself to mitigate the effect should be considered. An extensive
campaign to understand the scientific effects would be neces-
sary, and the means to quantify and calibrate these evaluated and
incorporated in operations and in the data processing. Given the
uncertainties in this calibration, a conservative approach must be
adopted in determining the end-of-survey radiation damage.

CCD pixels have slightly different sensitivities as a result
of their fabrication process. This photo-response non-uniformity
(PRNU) can be calibrated by flooding the CCD by a uniform or
at least smoothly varying illumination. A calibrating unit to pro-
duce these flat illuminations at several wavelengths is required.
These flats are also useful for calibrating other effects within the
detector, such as the degree of independence of one pixel from
another.

There will be gaps between individual detectors in a large
focal plane. In order to maximise the spatial uniformity of ex-
posure depth in any survey, these gaps should be as small as
possible. However, this constrains the mechanical packaging of
the detectors, and their means of connection to their associated
electronics. The stringent requirements on the thermal and me-
chanical stability drive the design of the detector support struc-
ture, and the positioning of the detectors relative to each other,
especially in the focus direction.

2.3.2. Shutter

The DUNE Phase-0 Study baselined CCDs derived from ESA’s
Gaia mission operating in Time Delay Integration (TDI) mode.
In this mode, the satellite is made to scan the sky at the same
rate as that which the CCDs are being read out row-by-row, re-
sulting in an ever-extending ribbon of image with the width of
the CCD. This technique allows stable operation of the detector
and its associated electronics, unchanging for long periods un-
til interrupted for other reasons. It also eliminates the need for a
shutter: images falling initially at the top of the CCD accumulate
as they are shifted row-by-row in synchronisation with the satel-
lite scanning down to the readout register, where they are read
out and digitised. There are disadvantages too, in that the data
rate will be high unless the scanning rate is slow, which then im-
poses very stringent satellite pointing requirements. Lower expo-
sure levels are disproportionately affected by radiation damage
because they have yet to accumulate much charge while being
subject to radiation damage impacts as all other areas, so that
weaker signals at the top of the CCD are more strongly affected.
This is not the case for standard expose-and-repoint operation
where all pixels are transferred only at the end of the exposure
with consequently higher signal levels. Ultimately, however, as
it is not yet possible to operate HgCdTe detectors in TDI mode,
and no adequate design could be found for a de-scan mechanism
for the infrared focal planes in DUNE or SPACE, for Euclid this
major trade-off between TDI and standard expose-and-repoint
operation was decided in favour of the latter.
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However, in expose-and-repoint operation, the image col-
lected during the exposure should be shielded from further accu-
mulation during its transfer to the readout node in order to pre-
vent trailed images of the scene being recorded. Although some
CCDs can be configured to shift rapidly the recorded images un-
der a light shield (frame-transfer CCDs), these shields reduce
(typically by half) the light-sensitive region of the CCD, creating
areas of dead space on the focal plane. While these can be filled
using an appropriate survey pattern, for the same active area the
optical field of view and the focal plane dimensions are signifi-
cantly larger — which may be unfeasible when these are already
challenging. Hence, and without the option of TDI operation, a
shutter would be necessary in the instrument. Given the critical-
ity of the knowledge of the PSF shape noted above, operating the
shutter must perturb the satellite pointing only minutely, impos-
ing a tight requirement for internal momentum compensation,
both linear and angular. In addition, as a single point of failure,
the highest level of reliability would be needed and this essen-
tial mechanism should be the only one permitted in the whole
instrument.

2.3.3. Detector electronics

The transfer of charge through the CCD when it is being read
out is achieved by toggling (‘clocking’) the voltages of elec-
trodes associated with each pixel sequentially so that the charge
is moved to the adjoining pixel. All pixels in a row are moved to
the next row simultaneously. The charge is prevented from mov-
ing laterally by electric fields created by doping the Si as part of
the manufacturing process: these barriers define columns, down
which the charge is transferred. When a row reaches the end of
the CCD photo-sensitive area, it is transferred to a readout reg-
ister. To move the charge from each pixel to the output node, the
electrodes in this register are clocked separately, and faster than
the pixel electrodes, as the process must complete before the next
row is transferred. External electronics are used to generate the
requisite waveforms to activate the electrodes. The timing and
shapes of these clocking waveforms play a critical role in the
performance of the detector and require careful optimisation.

The output node of the CCD provides a packet of charge
which is directly, though not necessarily linearly, related to the
number of photons incident on that pixel. A small amount of
noise, the readout noise (RON), is inherent in this process. This
charge must then be measured and digitised by electronics ex-
ternal to the detector at the time it becomes available on the
node, as determined by the clocking. Careful design is neces-
sary to minimise the addition of further noise, and the mainte-
nance of the stability of the supplied and internally-created ref-
erence voltages is critical. The availability of electronics com-
ponents with suitable performance and radiation tolerance to
both ions and electrons is limited; in particular, the digitising
element, the analogue-to-digital converter (ADC), should have
sufficiently fine digital resolution compared to the noise in the
system. The isolation of one channel from another is also impor-
tant. This drives the layout of the circuitry and requires pixels to
be transferred, measured and digitised synchronously.

These external electronics are required to operate in different
modes, for example to allow rapid flushing of pixels, so it must
be possible to configure them and also to adjust the most critical
operating parameters (voltages, timings) if necessary. Detailed
knowledge of their internal state is also required.
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2.3.4. Data handling and instrument control

Once a digitised number is created for a pixel, the information
must then be prepared for transfer elsewhere in the system. Pixel
data will be arriving synchronously from each CCD readout
node through its electronics and these must be arranged in the
correct sequence to maintain their relationship so as to rebuild
the image recorded on the focal plane. This is a challenging real-
time operation given that there are 144 readout nodes and a large
number of pixels. To minimise the telemetry bandwidth required
for the images to be transmitted to Earth, the data must then be
losslessly compressed* and prepared in the appropriate form to
be transferred to the satellite mass memory; from there it can be
retrieved for transmission during ground contact.

The survey observations require a sequence of instrument
preparations, shutter operations, exposures, and calibrations and
science data transfers. VIS must therefore be able to receive
and interpret commands from the spacecraft. At the same time,
knowledge of the internal instrument status and parameters (tem-
peratures, voltages and currents) will be required to ensure its
correct routine operation and to deal with non-standard events.
This information must also be passed to the spacecraft for trans-
mission to the ground.

2.4. Operations

The operation of the satellite should be planned to maximise the
stability of the telescope and instruments so that calibration er-
rors, and hence biases, are minimised. Simple repeatable obser-
vation sequences minimise the parameter space over which the
calibrations must be made, and enhance the understanding of
the trajectories of the calibration parameters on short and long
timescales as the survey progresses. This is more important than
is often realised, as there are many complicated effects, such as
the different thermal relaxation timescales for different compo-
nents in the optical path, hysteresis and the changing background
that are impossible to predict with sufficient accuracy.

Consequently, the impact of interruptions to the regular sur-
vey pattern should be carefully evaluated and their frequency
minimised. Some, such as orbit maintenance, are impossible to
avoid; others, such as to make specific calibrations, may inadver-
tently introduce perturbations within the satellite which are com-
plex to analyse and ultimately counterproductive to the quality of
the calibrations overall.

Equipment safe modes and failures also cause interruptions.
The on-board mitigation measures should minimise the impact
of these, particularly if the trigger to a safe state is a minor one.
For example, recovering the normal levels of thermal equilib-
rium after switching off a full instrument, rather than only the
element that has indicated an unsafe condition, can potentially
take days, forcing changes to the survey or creating holes in the
spatial coverage which impact significantly on the science.

Finally, a sufficient downlink data rate is particularly impor-
tant for survey instruments with large focal planes. The opera-
tions should take into account the impact of repointing of the
high gain antenna on the satellite pointing stability, as well as
that from the dissipation by the transmitter on the thermal stabil-
ity during downlink periods. The advent of K-band telemetry at
the time of the DUNE/SPACE merger was a critical development
for the feasibility of the Euclid concept.

4 Lossy compression, while generally more efficient, modifies the im-
age in ways that cannot be known or recovered at the levels of accuracy
required by a weak lensing survey.



Euclid Collaboration: M. Cropper et al.: The Euclid VIS Instrument

2.5. Data processing

Given the imperative to minimise biases, the data processing on
the ground is a critical element in a weak lensing survey. This is
where the biases are identified and corrected through generating
and applying calibrations (Fig. 1). The scale and breadth of the
task is considerable. This component of the mission must be con-
figurable to respond to the evolution of the spacecraft behaviour,
and also, importantly, in the later data releases to encapsulate the
understanding that has grown from working with the data. This
is where the ultimate performance of the mission is reached.

3. VIS design

The VIS instrument design evolved within the context of the con-
siderations enumerated in Sect. 2. By Euclid mission selection in
2011 it had attained its current format and layout (see Laureijs
et al. 2011). This was largely as a result of the merger in mid-
2010 of the previous DUNE and SPACE infrared focal planes,
leaving VIS a stand-alone optical imager. Also, by this time, TDI
operation had been discarded so that a shutter was incorporated,
a square array of 6x6 CCDs had replaced earlier rectangular lay-
outs for the Focal Plane Array, a flat-field calibration unit was
included, and the common digital unit in previous designs was
replaced by two digital units specific to VIS — the Control and
Data Processing Unit (CDPU) and the Power and Mechanisms
Control Unit (PMCU). These components are shown diagram-
matically in Fig. 2. The detectors and associated electronics —
the detector chains — are packaged within the Focal Plane Array
as shown in Fig. 3.

Three of the five VIS units, the focal plane, the shutter, and
the calibration unit, are located within the Euclid Payload Mod-
ule (Racca et al. 2016). The 1.2-m Korsch telescope primary mir-
ror with its truss supporting the secondary is located on one side
of a Silicon Carbide (SiC) baseplate. This has a central aperture
through which the optical beam passes via two flat fold mirrors
to the Korsch tertiary mirror on the other side of the baseplate.
This corrects the intermediate image produced by the first two
telescope mirrors, providing an f/20 beam for the instruments. A
pupil image is formed part-way along this converging beam, and
at this point a dichroic separates the beam by wavelength, with
wavelengths 4 < 0.95 um reflected via a third flat fold mirror to
the VIS focal plane. The transmitted wavelengths 4 > 0.95 um
pass through the NISP optical system to the NISP focal plane.
The layout of the optical elements in the Payload Module is
shown in Fig. 4, with an indication of the optical path to VIS.
The disposition of the VIS units during integration in the Flight
Payload Module is shown in Fig. 5. The other two VIS units,
the Control and Data Processing Unit and the Power and Mecha-
nisms Control Unit, in the Euclid Service Module, are located on
one of its side panels, alongside similar units from NISP. They
are shown before integration onto the Service Module itself in
Fig. 6.

While the optics are not part of the VIS instrument, it is
instructive to understand briefly their role and impact on the
shaping of the VIS passband. Details of the optical design are
in Gaspar Venancio et al. (2014). The Korsch telescope pro-
vides excellent image quality over the large Euclid VIS field of
view, with distortions and image ellipticities within specifica-
tion. Thermal stability is provided by the SiC structures and SiC
optical elements. Very detailed modelling has been carried out of
the thermo-elastic effects on the optical performance (Anselmi
& Mottini 2018). Even so, for the PSF shape, a further level of
knowledge using stars detected on the VIS focal plane is required

as a function of many satellite parameters to achieve the required
weak lensing accuracy (Miller, L. et al., in prep.).

The throughput of the optical elements in the VIS channel
is shown in Fig. 7. The reflective coating on the three telescope
mirrors and Fold Mirror 3 is protected silver, which provides a
high reflectivity in the VIS passband. Fold Mirrors 1 and 2 and
the dichroic have complex multilayer dielectric coatings which
act to shape the passbands of both instruments. These multilay-
ers are required to provide steep passband boundaries and high
levels of rejection outside the passband over a wide range of inci-
dence angles, given the large field of view. The layers are ordered
in such a way as to minimise the complexity of the aberrations
introduced into the PSF by the non-uniformity of the layers. It
should be appreciated that in this system, each layer, and hence
wavelength, introduces a slightly different end-to-end wavefront
error owing to spatial non-uniformities across the layer. The
two dielectrically-coated fold mirrors have, in addition, differ-
ent beam footprint sizes and positions depending on the field an-
gles. These factors complicate the PSF modelling significantly,
and are discussed in Miller, L. et al., (in prep.).

The dichroic dielectric stacks are state of the art, and present
on both sides of the element substrate, but a small fraction of
the incident beam — including wavelengths outside of the re-
quired VIS passband — will be reflected by the rear surface of
the dichroic and be transmitted back through the front surface to
the VIS detectors where it forms an optical ghost. Because the
dichroic is angled with respect to the incoming beam from the
telescope, the ghost is displaced with respect to the direct im-
age; however, in order to limit aberrations to NISP the angle is
insufficient to throw the ghosts off the VIS focal plane entirely.

Returning to the layout of the units in the Payload Module
related to VIS (Fig. 4), there is a stray light- and radiation-
shielding hood surrounding the Focal Plane Array detector
plane. When closed, the VIS shutter is in close proximity to this
hood, but does not make contact with it. The Focal Plane Ar-
ray is attached to the telescope baseplate by a substantial SiC
bracket surrounding the hood; this is evident in Fig. 4. At the
far side of the Focal Plane Array is the VIS electronics radiator
which maintains the temperature of the large block of detector
chain electronics within the Focal Plane Array at approximately
255 K by radiating passively to space. The telescope temperature
is maintained at about 130 K where the SiC coeflicient of expan-
sion is extremely low, and the VIS detector plane is held at 153 K
where the VIS CCD operation in the presence of irradiating ions
was determined to be optimal.

Also shown in Fig. 4 is the substantial harness of connections
from VIS to the other two units, the Control and Data Processing
Unit and the Power and Mechanism Control Unit, in the Euclid
Service Module. As is standard, the Service Module, and hence
also these two units, are maintained at approximately ambient
temperature.

3.1. Focal Plane Array

The Focal Plane Array is the largest VIS unit, and contains
the VIS detectors and associated electronics. The detectors are
Charge Coupled Devices (CCDs) custom made for VIS — see
Fig. 8. Because the detectors must be located with tight con-
straints relative to the telescope beam under all flight conditions,
they are held in a detector plane structure (Fig. 3) consisting of
a SiC frame across which the CCDs (Figs. 8 and 9) are held on
six SiC beams in six rows. The detector plane structure is sup-
ported directly from the substantial SiC baseplate bracket seen
surrounding the VIS Focal Plane Array in Fig. 4. Each CCD has
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Cold Units
in Payload Module

Shutter (RSU)

Calibration Unit

Focal Plane Array (FPA)

Warm Units
in Service Module

Power and Mechanism
Control Unit (PMCU)

Command and Data Processing Unit (CDPU)

Fig. 2: Computer-aided design view of the VIS instrument. VIS consists of five units, three in the Payload Module and two in the
Service Module. The Focal Plane Array dimensions are approximately 600x500x400 mm; the Shutter 475 mmXx375 mmx250 mm,;
the Calibration Unit 170 mm X 160 mm X 130 mm; the Control and Data Processing Unit 285 mm X 285 mm X 230 mm; and the Power
and Mechanism Control Unit 335 mm X 285 mm X 130 mm. The harness connecting these units together, and to the Service Module,
are not shown, nor is the radiator to space. This is attached to the rear of the Focal Plane Array to radiate the power dissipated by
the Readout Electronics in the Focal Plane Array. The harness and radiator can be seen in Fig. 4.

Electronics Structure

Detector Plane
Structure

Fig. 3: Computer-aided design expanded view of the Focal Plane Array showing the arrangement of the twelve detector blocks each
consisting of three CCDs, a Readout Electronics (ROE) and its Power Supply (R-PSU). Pairs of these are arranged in a slice, so there

are six slices. Also visible in this diagram are the two thermal shrouds (TS1, 2) and the Detector Plane Structure and Electronics
Structure.
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VIS electronics radiator
VIS focal plane inside hood

VIS shutter - : 3 ] NISP Opto-mechanical
) » . . g Assembly

Fold Mirror 1

Tertiary Mirror

Fold Mirror 3 gy ) N ! R ¥ NISP radiator
o y Fold Mirror 2

VIS Calibration Unit
Dichroic

Telescope (facing downwards)

Fig. 4: Computer-aided design view of the Payload Module. The telescope is at the bottom of the image, looking downwards,
and the telescope beam (in orange) enters upwards through a hole in the centre of the Payload Module Baseplate, which supports
both telescope and instruments, to the Korsch tertiary. From there the beam is either transmitted to NISP or reflected to VIS. The
placement of the three VIS units is shown, with the Focal Plane Array shrouded within a hood, which limits scattered light and
reduces radiation damage to the CCDs. Image courtesy of Airbus.
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Fig. 5: Disposition of the VIS Focal Plane Array on the Payload Module baseplate. In this image which is in the same orientation
as Fig. 4, the detector array is visible under a protective transparent cover, as the hood is not yet in place. The Shutter and the
Calibration Unit are not yet integrated. Image courtesy of Airbus.
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Fig. 6: Disposition of the VIS warm units on a Service Module
side panel. The Power and Mechanism Control Unit is the dark
unit in the foreground, and the Control and Data Processing Unit
is behind it. Stacked harnesses for attachment to the Focal Plane
Array are visible to their right.

two flexible connections which pass behind to their associated
electronics through two levels of thermal isolation to minimise
the parasitic heating of the detectors by their electronics, which
operate at a much warmer temperature. These electronics, the
Readout Electronics, service three CCDs in one row, and two of
these are connected side-by-side to service a row of six CCDs
to produce a ‘slice’. All of the Readout Electronics are mechan-
ically identical rather than being in mirror image pairs, so one
of the two is upside down, and this is reflected in its associated
three CCDs also orientated upside down. This arrangement is
shown in Fig. 9.

The twelve Readout Electronics are held within a substantial
Aluminium structure, the Electronics Structure, also supported
on the SiC baseplate bracket, but separately from the detector
plane structure. This arrangement maximally isolates the Detec-
tor Plane from any mechanical displacements arising from vary-
ing power dissipation in the Readout Electronics during different
operating modes. The requirements for the Electronic Structure
location are set only by the constraints for the 72 flexible connec-
tions and are hence more relaxed. The twelve Readout Electron-
ics Power Supply Units are located on the sides of the Electron-
ics Structure immediately adjacent to their Readout Electronics
so as to minimise the susceptibility of their power lines to radi-
ated electromagnetic fields.

Fig. 10 shows the fully integrated Flight Model Focal Plane
Array. The 36 CCDs are located on the grey SiC detector plane
structure under a protective cover. When integrated on the Pay-
load Module, the protective cover is removed, as is the structure
supporting it and the SiC detector plane structure, because the
two parts of the Focal Plane Array are maintained in position by
the SiC baseplate bracket as described above.

The VIS radiator (see Fig. 4), a passive element supplied as
part of the Payload Module, is interfaced to the base of the Elec-
tronic Structure in Fig. 10. It is sized to radiate to space the to-
tal 136W dissipated in the twelve Readout Electronics and their
Power Supply Units with sufficient control margin to maintain
their temperature at ambient on the other side of the thermal iso-
lations. The CCD array radiates and conducts its low levels of
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Fig. 8: The CCD273-84 developed specifically for VIS by e2v
Technologies.
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Fig. 9: Integrated ‘slice’ of six CCDs connected to two Readout
Electronics. The grey SiC beam supporting the CCDs near the
top is not yet connected to the detector plane structure frame.
Here it can be seen how the flexible connections from the CCDs
pass through the two thermal shields. The item in the foreground
is used for cleanliness monitoring. The base with corner columns
is a frame for maintaining cleanliness and is not part of the slice.

internal dissipation and parasitically derived heat into the Pay-
load Module.

A full description of the Focal Plane Array is in Martignac
et al. (2014). The 36 CCDs on the detector plane structure are
close-packed to maximise the filling factor of active Si. Some
dead space is required at the top and bottom of each CCD for
the readout registers and the connections by fine wire bonds to
the flexible connections leading to the Readout Electronics. A
detailed schematic of the focal plane is shown in Fig. 11. The
fractional filling factor achieved is 0.86. In order to eliminate the
possibility of scattered light from sources imaged on the detector
plane structure, the CCD active surface is above all of the other
elements on the Structure except the unavoidable twelve attach-
ments for the CCD-supporting SiC beams to the frame. These
therefore carry top-hat baffles.

The salient metrics for the VIS detector plane are given in Ta-
ble 2. Each of the VIS detectors was ranked for a number of dif-
ferent characteristics as measured during their pre-delivery test-
ing, including detective quantum efficiency, the number of cos-
metic defects, readout noise, etc. and assigned to a position on
the Focal Plane Array with the aim of providing an even spread
of characteristics. This layout and information for each CCD is
available in Szafraniec (2019).

3.1.1. CCDs

As the entities responsible for photon detecting, the CCDs are
central to the performance of VIS. Their essential characteris-
tics in the VIS context are enumerated in Sect. 2.3.1. The ear-
lier DUNE studies had considered variants on the e2v CCD91-
72 used in Gaia (Gaia Collaboration et al. 2016) with square

Table 2: Interesting parameters for the VIS CCDs and Focal
Plane Array.

Optical parameters

Focal length 2487 m
Image scale 1 arcsec = 120.57 um
CCD
Number of rows (height) 4132
Number of columns (width) 4096
Number of pixels 16924 672
Array
Number of rows 6
Number of columns 6
Number of CCDs 36
Number of pixels 609 288 192
CCD spacing 0.5 mm
Fill factor 0.861
Height Width  Area
CCD
Pixel dimensions [um] 12.0 12.0
[arcsec] 0.100 0.100
Active Area dimensions [mm] 49.6 49.2
[arcmin or arcmin?] 6.85 6.79 46.6
Physical Dimension [mm] 56.8 50.3
Array
Active Area dimensions [mm] 336.6  302.7
[deg ordeg?]  0.775 0.697 0.540
Physical dimensions [mm)] 3433 3043

Notes. The active area dimensions refer to the enclosing rectangle about
the active area of the array of CCDs, i.e., including the CCD spacing.

13.5 um pixels, but finer sampling would result in the benefit of
a physically smaller focal plane. A pixel size of 12 um would re-
tain sufficient Full Well Capacity, and devices in a 4kx4k format
were available in an existing CCD, the e2v CCD203-82, which
also had been used in a space context. This was therefore base-
lined in the DUNE proposal to ESA (Réfrégier et al. 2008). Sub-
sequently, a series of discussions with the manufacturer led to
modifications to be incorporated in a custom design optimised
for Euclid, designated the CCD273-84, shown in Fig. 8. This
was a careful upgrade with already proven elements and revi-
sions — particularly improving the tolerance of the device to ra-
diation damage by ions — which were technically feasible and
cost-effective.

The specification for the VIS CCD is contained in Euclid
Collaboration (2013b) and the device characteristics are pro-
vided in Endicott et al. (2012) and Short et al. (2014). The for-
mat is slightly larger than that of the CCD203-82 at 4096x4132
12 um square pixels in four quadrants, each with a readout node
located at the corners of the CCD, hence each CCD requires four
channels of associated electronics. The readout nodes are im-
proved dual MOSFET stages to reduce readout noise. To ease
calibratability, the pixel structure is simple, containing neither
antiblooming drains nor supplementary buried channels. A thin-
ner gate dielectric on 1500 Q cm resistivity Si increased the full
well capacity and hence the dynamic range above that usually
achieved with 12-um pixels, while also reducing the suscepti-
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Fig. 10: Two views of the fully-integrated Focal Plane Array. The 36 blue CCDs, supported on the grey SiC detector plane structure,
are visible under a protective cover. Below them are two levels of thermal isolation to minimise the parasitic heating of the detectors
by the twelve Readout Electronics, which are located below the CCDs (see Figs. 3 and 9) in the body of the Focal Plane Array
Electronics Structure. Six Power Supplies for the Readout Electronics are located on two sides of this structure. Spacecraft power is
delivered to the connections visible on the Power Supplies, while a SpaceWire data connection to the Control and Data Processing
Unit is made to each Readout Electronics in the space below each Power Supply. The harness in the foreground in the lower image
is the connection from the Power and Mechanism Control Unit to temperature sensors on the detector plane structure.

bility to ionising radiation, such as high energy electrons. The Gaia CCDs, and coated to reach a Detective Quantum Effi-
pixels are laid out in ‘stitch blocks’ of 512x256 pixels. ciency greater than 83% from 550—750 nm, and greater than 49%
at 900 nm. The average of the Detective Quantum Efficiencies

The devices themselves are back-illuminated and moder-  achieved for the flight CCDs peaks at 94% at 650 nm, as shown
ately thinned to 40 um, as in the red-sensitive variant of the
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Fig. 11: Top: Schematic of the butting of the CCDs in the focal
plane. Green indicates the active area of Si. Bottom: The detector
array integrated into the VIS bracket on the telescope baseplate,
showing the spacing of the CCD and the wire bonds from the
active Si to the flexible connections at the top and bottom of
each CCD, as well as the two pairs of Fine Guidance Sensor
CCDs above and below the VIS Focal Plane Array.

in Fig. 7. The reduction in sensitivity towards longer wave-
lengths results from the increasing transparency of the Si. It was
considered whether greater red sensitivity should be achieved
by using a thicker CCD, but these lacked flight heritage, and
have subsequently also found to be more subject to intensity-
dependent charge diffusion between pixels — the ‘brighter-fatter
effect’, so on balance this decision was probably correct.

It was clear from the extensive programme undertaken to
characterise the performance degradation caused by Si lattice
damage from non-ionising radiation (such as high-energy pro-
tons) in the Gaia programme, that this would also require sig-
nificant attention for Euclid VIS. Most CCDs are n-channel (p-
doped) devices where the incoming photons generate electrons
which are eventually transferred to the readout node. P-channel
variants (where the photons generate holes) were considered in
the early stages of specifying the VIS CCDs, and a careful trade-
off was undertaken as to whether these would be more robust to
radiation damage. Given the limited information at the time, p-
channel variants of the CCD204-42 (itself a cut-down CCD203-
82) were fabricated, irradiated and tested (Gow et al. 2016), but
long before this, n-channel devices had been selected for VIS
on the grounds of the lack of p-channel flight heritage and the
difficulty of sourcing the highest quality silicon.

However, two measures were taken to improve the tolerance
to non-ionising radiation in the CCD273-84. Because in Euclid
VIS, pixels are not summed together on the device, the charge
handling capacity of the serial readout register was reduced to
a value just exceeding that of each pixel, specified as greater
than 175000 e™: the smaller volume of Si reduces the number
of radiation damage sites and hence improves the charge trans-
fer in the serial register. Then, a charge-injection structure was
introduced between the top and bottom pairs of quadrants. This
allowed user-defined packets of charge to be introduced into the
pixels at the top of each CCD column. Multiple injections during
readout result in a block of rows with the specified charge level.
This is a primary facility for calibrating the extent of the radi-
ation damage, as it allows the erosion of the front of the image
and the extent of the trails behind it to be quantified. The charge
injection capability of the CCD273-84 was enhanced compared
to that of previous e2v devices, both in the improved uniformity
of injection across the CCD and, through a novel notch design,
in the provision of low levels of charge injection.

The charge is moved from pixel to pixel down a column us-
ing four electrodes (four ‘phases’) of size 4, 2, 4, and 2 um, while
there are three equally-sized 4 um electrodes to move the charge
in the serial register. As the boundaries of a pixel during an ex-
posure are set by an appropriate voltage on one of these phases
to create an electrostatic barrier, charge is stored under the other
three phases, with a confinement which depends on whether a
2- or 4-um phase is used. It should also be noted that because
the CCD273-84 uses much of the photolithographic mask set of
the CCD203-82, the sequence of phases is not mirror-imaged
about the charge injection structure between the upper and lower
quadrants. The consequence is that the behaviour of the charge
injection into the first pixel, and the termination into the readout
register, is slightly different between the upper and lower pairs
of quadrants, so that different operational parameter values are
required for optimal performance.

A great deal of attention was paid to the CCD operation.
The initial considerations were the optimal operating tempera-
ture and rates of charge transfer down columns and then, slightly
more than 2048 times faster, through the readout register. These
are constrained by the time constants of the release times of elec-
trons from Si lattice radiation damage trap species. The temper-
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ature modifies the time constants. To minimise the effect of the
trapping, and hence distortion of the galaxy shape measurement,
the duration of each charge transfer step (for both rates) should
not be commensurate with the trap time constants. At the same
time, slow transfer rates result in more dead time between ex-
posures while fast transfer rates limit the accuracy with which
the charge packet can be measured, increasing the readout noise,
and are at some point also limited by the technology available
to digitise it sufficiently (Sect. 3.1.2). The operating tempera-
ture selected is 153 K, which avoids any commensurate trap time
constants for a pixel readout duration of 14.3 us (a rate of 70
kHz) and a row transfer duration of 4.02 ms. With a prescan of
51 pixels, a postscan of 29 pixels in the row and 20 in the col-
umn direction for each quadrant, the CCD takes 72 s to read out
through four nodes (Awan 2022). At 153 K, the dark noise within
the pixel is negligible even after long exposures.

Besides these top level questions, many detailed analyses
were performed for the operation of the CCD. Much of this work
was carried out under the auspices of a group which contained
members of the VIS Team, the e2v manufacturer, ESA, and the
Science Ground Segment. This informal forum concentrated on
achieving a detailed knowledge of the CCD273-84 in all of its as-
pects, and especially the optimisation of its radiation tolerance,
which included significant testing programmes. More informa-
tion is in Gow et al. (2012); Clarke et al. (2012); Prod’homme
et al. (2014); Skottfelt & Hall (2015); Israel et al. (2015); Skot-
tfelt et al. (2016); Skottfelt (2021). A particular innovation was
the use of tri-level clocking, in which the four pixel phases were
activated in sequence not between only high and low values, but
also at an intermediate value, with the effect of further encourag-
ing de-trapped electrons to rejoin their charge packet rather than
falling back into the following pixel during transfer. A second
calibration of the radiation damage effects called trap pumping
was introduced to VIS. Here, instead of moving the charge se-
quentially to the readout register or readout node, it is clocked
backwards and forwards. Pairs of bright and dark pixels identify
the location of lattice damage traps. This information can be used
in the Science Ground Segment data reduction algorithms which
correct for the radiation damage effects. New techniques were
developed to create the appropriate trap-pumping sequences for
the four-phase pixel structure. Trap pumping, especially that in
the readout register, is novel in a space instrument.

Further, radiation damage testing of the CCDs was carried
out at operational (cryogenic) temperatures, with keep-cold ca-
pability, to reproduce the conditions in orbit as closely as pos-
sible. This identified that under these conditions the time con-
stants of the traps created were no longer discrete values, but a
continuum (see Skottfelt et al. 2024) for this behaviour in early
VIS inflight measurements. This is a consequence of the greater
rigidity of the Si lattice at lower temperatures, and the inability
of the traps subsequently to relax to a common set of character-
istics for each trap type. Relaxation takes place in ground testing
if the device experiences ambient conditions. Meeting for more
than a decade, this forum ensured that the VIS CCD parameters
are optimised to the maximum extent possible, and informed the
modelling of the radiation damage effects in the Science Ground
Segment processing functions.

After a development programme, 50 Flight Model CCD273-
84s (Fig. 8) were produced by e2v, all of which, except with
occasional minor infringements, met or exceeded specifications.
This program included significant characterisation and qualifi-
cation at CCD level, and many of the calibrations, such as the
Detective Quantum Efficiency in Fig. 7, were incorporated di-
rectly into the Euclid calibration database.
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3.1.2. Readout Electronics and Power Supply

The Readout Electronics convert the signals at the output node
of the CCDs into digital values, and also control their operation
by providing the correct operating conditions and clocking sig-
nals to read out the images. Each has an associated Power Supply
Unit to condition the raw spacecraft power and provide the dif-
ferent voltage levels the Readout Electronics require. As noted
above they are all located in the Electronics Structure within the
Focal Plane Array. These units are described in detail in Hailey
(2016) and Hu (2016).

With 36 CCDs each with a readout node per quadrant, 144
independent channels are required for the readout nodes. As
noted in Sect. 3.1 above, an early decision was that groups of
three CCDs would be serviced by a single Readout Electronics
and Power Supply to minimise the system resource usage while
nevertheless providing sufficient redundancy. This was compli-
ant with the requirement that the failure of a single readout elec-
tronics/power supply should result in the loss of a maximum of
10% of the active focal plane. There would therefore be twelve
sets of readout electronics and power supplies, each connected
to three CCDs and providing twelve channels of image data.
It was also feasible to prescribe twelve sets of harnesses from
the twelve Readout Electronics to the Control and Data Process-
ing Unit, and to command and receive data to/from twelve units.
This architecture, shown in Fig. 12, was therefore resilient and
parsimonious in terms of system resources, requiring a total of
less than 142 W (136 W average) in operation, despite stringent
performance requirements. It lent itself to the cycle of multiple
unit fabrication, ground calibration and then also the assembly of
the Focal Plane Array, starting with pairs of Readout Electronics
as seen in Fig. 9.

Many of the CCD voltage and clocking parameters can be
set up per CCD, while some, such as the charge injection param-
eters, must be set up per half of the CCD. This level of controlla-
bility has implications for the digital-analogue converters which
must set the parameters, and for which parameters should be
monitored. Mass, power, and spatial accommodation constraints
require these resources to be assigned judiciously, while never-
theless ensuring that the most critical parameters for the CCD
operation could be optimised in orbit, if necessary.

Figure 12 shows the VIS-level diagram of the electronics lay-
out. The connection between the CCDs is through 36 pairs of
flexi-circuits evident in Fig. 8. The twelve digital connections
between the Readout Electronics and the Control and Data Pro-
cessing Unit are made using the SpaceWire® protocol, running
on LVDS® (low-voltage differential signalling) hardware lay-
ers; these carry both science data and telecommand/telemetry.
A 40 MHz master clock and a synchronisation signal are also
distributed through the LVDS connection to ensure all Readout
Electronics clocks and reading operations of the CCDs are exe-
cuted synchronously. This allows the simultaneous reception on
the Control and Data Processing Unit of the data from the twelve
Readout Electronics. The twelve Power Supplies are fed directly
from the spacecraft via latching current limiters, bypassing the
Control and Data Processing Unit, and hence are directly under
spacecraft control.

The measurement of the pixel charges presented at the CCD
output node is performed by the Readout Electronics (Fig. 13)
using analogue correlated-double-sampling circuitry (Hailey
2016; Hu 2016) with the associated common mode rejection and
low-pass filtering to minimise noise. Digital sampling was con-
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with science images, the Command and Data Management Unit (CDMU), and the Power Control and Distribution Unit (PCDU)).

sidered, but rejected on the grounds of its greater power con-
sumption, and because the achievable electronics noise of the
analogue circuitry was already at the level where it was less than
that from the CCD readout node, and within the overall require-
ment. The CCD output is sampled at two stages: first at the reset
level, and then when the charge is available, and the difference
is applied to a 16-bit analogue-to-digital converter to provide the
digital output. As the circuitry should not add significantly to the
noise generated by the CCD readout node, requiring noise levels
less than 1 partin 2'® (1.5x107°), great care is taken in the timing
of the sampling instants, on preventing feedthrough of unwanted
signals and on the careful shaping by the filters to match the sig-
nal characteristics. Within those that were qualified for the space
environment, judicious choices of components were made, both
active and passive. Radiation-hard and latch-up resistant 16-bit
analogue-to-digital converters became available at the time of
the early Euclid Readout Electronics development, enabling for
the first time an intrinsically robust 16-bit solution. After the
conversion, the digital values pass to a Field Programmable Gate
Array (FPGA) which handles the SpaceWire communication to
the Control and Data Processing Unit.

The Field Programmable Gate Array is a device which can
be configured to provide extensive high-speed digital process-
ing. Each Readout Electronics contains a single one of these
to provide its digital functionality. This includes the interpre-
tation and execution of commands from the Control and Data
Processing Unit and the collection of housekeeping information
such as temperatures, currents and voltages. Importantly, it also
generates the sequencing of the clocking signals to the twelve
CCDs. Producing the firmware for the Readout Electronics Field
Programmable Gate Array was a significant task, and drove the
schedule for the instrument for a time.

The Readout Electronics is required to perform several dif-
ferent operations, including setting the correct parameters for
an exposure, flushing the CCD beforehand to clear it, invert-
ing some CCD voltages to remove persistence effects, control-
ling the charge injection lines when required, and controlling
the trap pumping. In order to minimise the readout noise levels,
clocking and reading of the CCDs is performed synchronously

for all twelve Readout Electronics, aligned to the master clock
and synchronisation lines from the Control and Data Processing
Unit. However an internal oscillator is available, and this also
allows housekeeping and status to be transmitted to the Con-
trol and Data Processing Unit in case of a failure condition on
the master clock line, which would otherwise cause the Readout
Electronics units to halt, though it is possible to operate only one
Readout Electronics unit at a time in this condition. It also fa-
cilitated stand-alone testing. Switching from external to internal
oscillator and back required particular attention in the firmware
to avoid failure states.

The Readout Electronics Power Supply Unit (Fig. 13) pro-
duces six voltage levels in a tight space envelope. The noise lev-
els on these multiple secondary outputs, particularly those which
service the Readout Electronics analogue circuitry, are challeng-
ing given the available power and space allocation. A single
switch forward topology was used (Hailey 2016; Hu 2016), with
planar transformers to provide better coupling and hence effi-
ciency. The converter switching frequency is synchronised to the
CCD readout clocking, to ensure that the conditions provided by
the Unit are always in the same state when the readout node is
sampled. Each Power Supply Unit is controlled and monitored
by its Readout Electronics. Particular attention was paid to the
common mode noise isolation and to the grounding of the two
units with each other and the external environment. Digital and
analogue grounds are kept separated. The layout of both units
was optimised over several evolution cycles to minimise internal
cross-talk between channels and in order to meet the specified
high level of immunity from conducted and radiated interfer-
ence.

3.1.3. Block-level integration and testing

Once the final design of the Readout Electronics and Power Sup-
ply Unit was qualified through a Qualification Model, the twelve
Flight Model units and two Flight Spares were fabricated and
tested in a complex sequence. Automated procedures enabled
extensive testing. After conformal coating of the circuit boards
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Fig. 13: VIS Readout Electronics (fop) and Power Supply Unit
(bottom). The Readout Electronics consists of two double-sided
circuit boards containing the twelve analogue channels — three
repeating analogue circuits can be seen in the topmost board —
with the digital board containing the Field Programmable Gate
Array between them and to the rear of the unit. The connectors to
the upper flexible connections from the CCDs are at the front of
the unit. The Power Supply Unit contains also a tightly populated
double-sided circuit board. The planar transformers can be seen
on the centre-left of the unit.

and integration in their enclosures, final tests followed in ISOS5
clean facilities.

The last stage before delivery for integration into the Focal
Plane Array structure was the calibration of each of the fourteen
blocks of three CCDs, Readout Electronics, and Power Supply to
provide the reference for the understanding of the performance
of the instrument before launch; Azzollini (2021) provides a full
description. Except for some measurements, such as the noise in-
duced by one set of Readout Electronics in another, this could be
achieved at block level, which was simpler, and screened out any
deficient units before delivery to the main structure. A compre-
hensive programme was carried out both using the internal cali-
brations such as charge injection, and external optical sources —
for example point source measurements and flat-field illumina-
tions — at several wavelengths. Again, automated sequences and
processing of the approximately 12 TB data set was employed,
itself a substantial development. An earlier release of the Az-
zollini (2021) final report was provided for instrument delivery.
Figure 14 shows the first of the blocks configured for testing
prior to insertion into the chamber.

Reduced versions of the Focal Plane Array, with Engineer-
ing Model and Qualification Model units including respectively
two and three complete detector chains, were tested for electro-
magnetic compatibility (EMC) at Airbus in Portsmouth (Candini
2017b) and the ESA facilities at ESTEC (Candini 2017a, 2019).
These included a measurement of the interaction and induced
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noise between the units and the units from the Fine Guidance
Sensor.

—
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Fig. 14: First of the Flight Model blocks configured for testing
in the calibration chamber. The upper flexible connections from
the three CCDs are visible at the furthest part of the unit, and the
Power Supply is connected to the left of it. Gold-coated cold fin-
gers above provide a temperature of 153 K at the CCDs while
ambient conditions are maintained for the electronics via the
structure below them. The cleanliness of the environment dur-
ing testing is maintained using cold scavenger plates. The light
from the optical sources enters through the dark window ahead
of the CCDs. To produce the point sources, a lens array is in-
serted beyond the window to focus five images on each quadrant
of each CCD.

3.2. Shutter

As noted in Sect. 2.3.2 the VIS shutter is required so that during
the readout of the CCDs, light from the telescope or the Cali-
bration Unit is blocked from the Focal Plane Array. This pre-
vents charge trails being recorded behind sources accumulated
during the exposure. It is located in front of the Focal Plane
Array, as shown in Fig. 4, and is therefore required to operate
at the cryogenic temperatures of the Payload Module, approxi-
mately 145 K. The Shutter is described in Genolet et al. (2016)
and Larchevéque et al. (2018) and is shown in Fig. 15.

Because images are being recorded as soon as the shutter
starts to open, and until it is fully closed, it is imperative — as
noted in Sect. 2.3.2 — that its motion disturbs the satellite point-
ing to the minimum possible extent. To minimise the angular
momentum change, designs with two closing leaves were ini-
tially considered, but required two motor drives and more com-
plex mounting, and, moreover, doubled the chance of at least
one leaf failing, so the VIS shutter consists of a single motor-
driven leaf, with an angular momentum compensating wheel
driven from the motor shaft.

The Shutter was required to open and close within 10 sec-
onds, so that the difference in exposure duration from one side
of the focal plane to the other was limited, and a 2.74-s duration
was ultimately adopted. During development it was found that
microvibration levels were in excess of the acceptable levels, and
anti-backlash was incorporated into the gear drive. However, the
acceptable disturbance levels were subsequently relaxed, so for
the Flight Model the gears reverted to the original design which
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Fig. 15. thht Model Shutter as prepared for its acceptance vi-
bration test. The shutter leaf is the large square structure on the
right of the image. The momentum-compensation wheel is at the
bottom of the unit in this test orientation, with the drive motor
within the structure above it. To minimise scattered light, the
Shutter surface treatment is highly absorptive.

had been found to be superior in lifetime tests. The Shutter can
be operated either in closed-loop where the traverse end points
are recorded by the end-switches, or in open loop which termi-
nates the traverse just before the end switches are contacted. This
increases the repeatability of the exposure duration and reduces
the wear of the end-switches.

While the stepper motor has redundant electrical windings,
each connected to one half of the Power and Mechanism Con-
trol Unit, mechanically the mechanism is a single failure point.
Initially therefore a single-shot release mechanism was incorpo-
rated to allow the shutter to spring open should the motor drive
fail. A failure mode analysis concluded however that its electri-
cal feeds introduced non-repeatability in the delicate balancing
of the mechanism, and increased the required actuation torque,
while not increasing the overall reliability significantly, so the
mechanism was eliminated. A second mechanism to hold the
shutter in a launch position was also eliminated, after modelling
showed that, given the fine balancing and momentum compen-
sation, launch disturbances would not exceed the motor detent
torque which was therefore sufficient to hold the shutter in posi-
tion. These simplifications significantly improved the design.

3.3. Calibration Unit

CCDs are not perfectly uniform from pixel to pixel in their sen-
sitivity. Colour independent effects are caused by percent-level
variations in the area of each pixel as outlined by the litho-
graphic mask set used in fabrication, while colour dependent
effects arise because of small-scale structure caused by the thin-
ning process by ion beam etching and by the intrinsic variations
in the Si itself. Calibration of these non-uniformities requires a
uniform wavelength-selectable illumination to be projected onto
the CCD. The pixel variations can then be recorded by taking an
image, and the science images corrected by this flat field map.
In VIS the illumination is provided by the Calibration Unit.
This is located across the Payload Module, facing VIS (see
Fig. 5). The unit is shown in Fig. 16 and described in detail in
Philippon (2016). In order to record the illumination from the

Fig. 16: The Calibration Unit. The projection optics on the inte-
grating sphere face to the right in this image.

Calibration Unit, the Shutter must be open and hence the im-
ages from the telescope will also be recorded, and these must be
eliminated in the data processing if necessary.

The Calibration Unit consists of an integrating sphere con-
taining two redundant sets of six LED illumination sources cov-
ering the VIS passband (Fig. 7 and Table 3), and a single aspheric
Fused Si lens to project the flux at the output port of the integrat-
ing sphere onto the VIS Focal Plane Array. The projected area
is controlled by a field stop at the sphere output port and a baffle
around the lens in order not to generate scattered light within the
Payload Module or around the VIS focal plane itself. As the uni-
formity on larger spatial scales will be measured in orbit using
photometry of stellar sources, the uniformity requirement is set
for small and medium spatial scales, and the large-scale unifor-
mity is controlled only to the extent that the exposure levels seen
by each CCD are to be similar. Similarly, although in practice
the emitted flux is expected to be relatively stable on short and
medium timescales, the requirement on the temporal stability of
the Calibration Unit is modest because the unit is not designed
to provide a reference flux level.

Each LED-type has different characteristics. As the LEDs

age or are damaged by radiation, the flux levels can be adjusted
by command.

Table 3: The central wavelengths and full width half-maximum
(FWHM) for the six LEDs in the Calibration Unit.

Full width at
No. Wavelength [nm] half maximum [nm]

1 573 7.5

2 592 8.1

3 638 7.6
4 697 17.2
5 840 25.0
6 855 344

Notes. At the operational temperature of 146 K (Philippon 2016).
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Although primarily for measuring the pixel non-uniformity,
the Calibration Unit will also be used for other calibrations, in
particular the gain (the number of electrons per least significant
bit of the digitised signal) for each channel, the dependence of
the charge diffusion across pixel boundaries on the integrated
flux level (the brighter-fatter effect), and the nonlinearity. More
generally it is useful for generating the illumination required to
measure the extent to which a pixel acts independently from its
neighbours. To perform these calibrations, exposures are taken
for different durations, or the emitted flux is controlled by the
Payload and Mechanism Control Unit at different levels. The
Unit initially included filter networks to inhibit currents in its
wiring harness induced by the expected levels of electromag-
netic fields in the satellite, but analysis established that these
were negligible and the filters were removed.

3.4. Control and Data Processing Unit

The Control and Data Processing Unit (Di Giorgio et al. 2010,
2012; Sciortino et al. 2019) is located on the inside of one of
the Service Module external wall panels, alongside the Power
Mechanism and Control Unit (Sect. 3.5), as seen in Fig. 6. It has
two tasks: firstly to control and monitor VIS and secondly to ac-
cept the science data from the twelve Readout Electronics in the
VIS focal plane, reorder them to reconstruct the image, and com-
press and transfer it to the spacecraft. The Unit has redundant
halves except for the connections to the twelve Readout Elec-
tronics which are accessed by both halves through multiplexers.
The active half is selected by the spacecraft power, and this then
powers the corresponding Power and Mechanism and Control
Unit, Shutter motor windings, and Calibration Unit LEDs — to
avoid single points of failure there is no cross-strapping of these
units.

The Control and Data Processing Unit is the primary VIS
interface to the satellite, with the only exception being the
raw power distributed directly to the twelve Readout Electron-
ics Power Supplies (Fig. 12). A SpaceWire protocol is used
for transferring science data to the Mass Memory Unit, while
a Mil-Std-1553 bus provides the VIS interface for telemetry
and telecommands to the spacecraft central computer; there are
two such interfaces for each redundant half. Within the instru-
ment, the Unit routes power to the Power and Mechanism Con-
trol Unit and interfaces with the Readout Electronics through
SpaceWire and LVDS links as described in Sect. 3.1.2. The inter-
nal architecture is arranged to service these interfaces, around a
Maxwell SCS750 triple-redundant Central Processing Unit. The
ECSS Packet Utilisation Standard’ is the protocol used for data,
telemetry, and telecommands on the digital links. Telemetry con-
sists of status conditions, temperatures, voltages, and currents,
and is taken at 10-, 5-, and 2-s intervals, depending on the ca-
dence required for the ground monitoring.

The application software to handle the challenging data from
such a large focal plane is described in Galli et al. (2014, 2020).
Pixel data from each CCD quadrant are available as whole rows
at the same time at their corresponding Readout Electronics, so
the Control and Data Processing Unit accesses each Readout
Electronics in sequence and reconstructs each CCD quadrant im-
age in its memory. As they become available, the rows are com-
pressed using a CCSDS-121 lossless compression scheme® with
an additional option to reorder the incoming bit stream (Giusi
et al. 2014). Image packets are then formatted and transferred
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to the Mass Memory Unit on the spacecraft as requested. These
operations are time-constrained by the readout sequence and the
requirement to free memory in time for the following exposure.
Hence, during the readout period cyclic telemetry from the Read-
out Electronics is embedded in the image data packets.

The boot software (Di Giorgio & the OHB-I Technical Team
2019) checks the integrity of the memory of the Control and Data
Processing Unit and loads the application software. From here,
the VIS state can transition to ‘Science’ through intermediate
states (Awan 2019) which are tailored to provide checking at
each stage, and fallback positions during operation, should these
be necessary. The monitoring of some 2600 parameters repre-
senting the internal state of VIS is carried out by the Control
and Data Processing Unit, and it takes action as appropriate. The
control of the power to the Readout Electronics Power Supply
Units is by request to the spacecraft central computer. The fail-
ure modes and criticalities have been analysed to ensure commu-
nication can be maintained with the spacecraft if at all possible,
and to ensure the minimum thermal disturbance to the instru-
ment and Payload Module consistent with the seriousness of the
failure, which in many cases may be minor and recoverable.

3.5. Power and Mechanism Control Unit

The Power and Mechanism Control Unit (Cara & et. al 2016;
Renaud et al. 2018) interfaces to the Shutter and the Calibration
Unit to operate and monitor them, and is also connected to the
Detector Plane Structure of the Focal Plane Array to monitor its
temperature. It is a dual redundant unit, with each half interfac-
ing without cross-strapping via SpaceWire and secondary power
links to the associated half of the Control and Data Processing
Unit (Fig. 12). The Unit is accommodated alongside the Control
and Data Processing Unit in the Service Module (Fig. 6).

Originally the Unit was designed to provide power to the
Readout Electronics Power Supply Unit, but reliability consid-
erations in the operation of latching current limiters resulted in
their connections made directly to the Spacecraft (Sect. 3.1.2), so
this functionality was removed. Similarly, the simplification of
the Shutter design to remove the launch Hold-Down Mechanism
and the Fail-Safe Mechanism (Sect. 3.2) allowed the removal of
circuitry for their actuation.

Twelve platinum thermistors allow temperature monitoring
of the Detector Plane Structure of the Focal Plane Array with a
resolution of < 0.1 K. The temperature is set by Payload Module
heaters under spacecraft command.

The LEDs in the Calibration Unit are driven by current
sources with 12-bit current and millisecond timing resolution.
Care was taken to ensure that when commanded off, no residual
currents will flow which might produce a low level of illumina-
tion. Multiple LEDs can be driven at the same time.

The Shutter stepper motor is also driven by current source
power amplifiers which are controlled from trajectory tables
stored in the Unit. These construct the acceleration, coast, and
deceleration profiles for the Shutter opening and closing. The
shutter can be driven either in closed loop until end-switches are
actuated, or open loop in which the trajectory stops just short of
the switches. The shutter orientation is assumed known from the
step-count, and there is no direct monitoring of the Shutter leaf
position — this will anyway be evident from the CCD outputs on
the Focal Plane Array. The orientation of the leaf can be reset by
a calibration operation which drives to both sets of end-switches.
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4. VIS assembly, integration and testing

The VIS instrument development programme followed the stan-
dard ESA model as described in Euclid Collaboration (2016)
with a set of prototypes, followed after a Preliminary Design
Review by mechanically and thermally representative structure
Thermal Models and functionally representative Engineering
Models. Flight-representative Qualification Models were also
produced for the Detector Chains, the Power and Mechanism
Control Unit, and the Calibration Unit. All of these required en-
vironmental testing consisting of vibration and shock tests, ther-
mal vacuum tests during which the thermal behaviour of the unit
was measured, and electromagnetic susceptibility and emissivity
tests. The test results were compared to the predictions from the
mathematical models to check for compliance. The model units
were assembled into a partial VIS with some unit simulators and
then used by ESA and industry for their proving of the equivalent
stages of the programme for the satellite.

In order to pursue this programme — and this applied also
to the unit-level assembly and test — a suite of ground support
equipment and associated software was developed, and facilities
created or modified for Euclid needs. In its entirety, this was in it-
self a major development programme. Two identical subsystem
checkout equipments providing representative spacecraft inter-
faces were supplied by ESA for VIS so that there would be no
late-stage incompatibilities with the spacecraft subsystems, and
the instrument workstations were integrated with this system.

After the Critical Design Review ending on 2018 February
6, approval was given to commence with the Flight Model pro-
gramme, which also included some Flight Spare units or parts.
On the completion of the production and testing of the five VIS
units, two of which reside in the Service Module and three in the
Payload Module, VIS was required to be assembled as an en-
tire instrument, with its substantial Flight Model harnesses, and
then tested and verified to show that it meets its requirements,
as described briefly in Sect. 2. The distributed nature of VIS al-
lowed this process to be planned in stages to be schedule effi-
cient. The Focal Plane Array assembly consisted of a two-stage
integration, firstly of the detector chains on the one hand and the
structure on the other, and then the integration of both of these to
provide the final Focal Plane Array. Hence this was pursued in
one integration flow, with the support of a flight-representative
engineering model Control and Data Processing Unit. The other
four units were integrated in a second integration flow. Firstly the
Power and Mechanism Control Unit was tested with the Calibra-
tion Unit, then the Control and Data Processing Unit was added
and finally the Shutter, with engineering or qualification models
to substitute while the Flight Model units were not available.

Besides being schedule efficient, these two flows allowed the
early identification and addressing of any issues before the final
integration to complete the instrument. Indeed, the principle of
testing at the lowest applicable level in order to catch problems
early was followed throughout. In particular there were no ther-
mal vacuum tests or vibration tests at VIS level as its constituent
units had already been tested, and the only additions were the
harnesses. Also, while there was a case for electromagnetic sus-
ceptibility and emissivity tests at VIS level, the individual units
had already been tested and there was little additional informa-
tion to be had until they were assembled within the spacecraft
with the appropriate grounding arrangements. Budgeting of the
test cycles and testing levels prevented over-testing from the ac-
cumulation of tests at each stage. This verification programme
also took into account that the permitted number of actuations of

the Shutter at ambient pressure was limited by its MoS, lubrica-
tion.

At VIS level, the testing was limited to functional and
long-duration testing at Airbus in Toulouse (Candini & Awan
2021a,b). This period lasted two months during which difficul-
ties were encountered both within VIS and the spacecraft inter-
face equipment — which was not fully representative — as well as
the testing environment (such as the electrical earthing). Lessons
learned included longer prior coupling tests between individual
units to identify infrequent communication problems, a higher
level of capability in the VIS Instrument Workstation, and a
larger integration team. However, by 2020 February 28 the com-
munications with the Spacecraft Interface were fully secured, the
testing programme completed and the instrument handed over to
ESA and Airbus.

Figure 17 shows the testing in progress. Under the principle
above, it can be seen that the whole Focal Plane Array including
the detectors is at ambient, and no optical stimulation is used to
check the instrument, this having being measured at block- and
Focal Plane Array-level. Instead, thermally generated electrons
within the CCDs can be used to check the end-to-end perfor-
mance, and the readout noise performance can be measured by
reverse-clocking the CCDs. By this point, the application soft-
ware in the Control and Data Processing Unit included the proce-
dures to manage failure modes and out-of-limit parameters from
the instrument.

Beyond the environmental and functional testing, the scien-
tific performance and calibrations are described in Sect. 6.

5. VIS operation

Once VIS is switched on, it boots itself and waits for a command
to Start-up and proceed to Standby. From there it can be com-
manded to Science Mode (Fig. 18) for all of the normal opera-
tions. For engineering and low-level investigations it can instead
move to Manual Mode. If a failure condition that can affect the
instrument safety is triggered in any mode, VIS puts itself in Safe
Mode with only the Control and Data Processing Unit powered,;
from here it can transition back to Manual Mode on command.
Because it is important to minimise thermal disturbances in the
Payload Module, so that normal operations can be resumed af-
ter an anomaly as soon as possible, there is also a Parked Mode.
This is a holding mode to be used for maintaining the power
to the Focal Plane Array when it is safe to do so, for example
when other activities in the Spacecraft require a pause in VIS
operations, or when there are VIS failures such as an incorrect
Shutter position. The instrument state is left unchanged on tran-
sition to this mode. In Standby Mode the Focal Plane Array is
off; recall, the Focal Plane Array power is controlled directly
from the Spacecraft on request from the Control and Data Pro-
cessing Unit. These modes, and other aspects of the operation of
VIS are detailed in Awan (2019) and Awan (2022).

The Science Mode operations allow seven types of scientific
operations, including normal science exposures; bias exposures
to measure the electrical signal corresponding to no illumination;
dark exposures which measure the dark current in the CCDs; flat-
field exposures using the Calibration Unit for illumination for
several purposes but mainly to measure the pixel-to-pixel non-
uniformity; linearity exposures to quantify the nonlinearity in
the CCD output node and Readout Electronics; and charge in-
jection and trap pumping exposures for calibrating the radiation
damage. In addition, to mitigate the effects of radiation damage
at the expense of a small loss of detector area, it is possible to
inject charge into the normal science exposures: on readout of
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(Toulouse); the majority of the Euclid Payload Module is under integration behind the large black shutter. Left: The team inspecting
the progress of the Full Functional Test. VIS can be seen foil-covered behind the computer screens. Right: VIS as laid out within the
ISO-5 area. The foil-covered Focal Plane Array is in the background connected via 26 harnesses to the Control and Data Processing
Unit which is with the Power and Mechanism Control Unit already integrated onto the Service Module Warm Panel (Fig. 6). In the
foreground are the foil-covered Calibration Unit and the Shutter in a vacaum chamber. The foil coverings are in place to maintain the
stringent levels of cleanliness for VIS, and the vacuum chamber is required to preserve the MoS; lubricant during Shutter activation.
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Fig. 18: VIS instrument modes, showing permitted mode transi-
tions. All science and calibration exposures are taken in Science
Mode.

the CCD these lines of charge fill the traps caused by radiation
damage, so that the measured shape of the galaxies is less dis-
torted.

VIS and NISP will operate together to perform the Euclid
survey, so their operation must be synchronised (Boenke 2021)
with the consequence of some compromises in optimal obser-
vational efficiency. Because NISP takes both spectroscopic and
photometric exposures of a field, the sequence is arranged such
that VIS exposes at the same time as the NISP spectroscopic ex-
posures, nominally for 566 s, and then during the shorter NISP
photometric exposures VIS takes some shorter science expo-
sures to increase the dynamic range of the images for PSF cal-
ibration and performs calibrations of the non-science exposure
types listed above. While this latter reduces the fraction of time
that VIS is carrying out science exposures to approximately 0.8,
the calibrations will be essential in establishing the state of the
instrument for each exposure. Further constraints on the syn-
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chronisation occur because the CCDs take 72 s to read out, be-
cause the Control and Data Processing Unit must compress and
transfer images before the next image is ready, and because there
can be no VIS exposure during the operation of the NISP mech-
anisms owing to the disturbance in the Spacecraft pointing.

Each of the above sequences is repeated four times with 50—
100 arcsec displacements in an S-shaped pattern to expose those
parts of the field which fall in the gaps of the detectors on both
NISP and VIS, whose fields cover the same extent. The S-shaped
pattern allows 95% of pixels to be exposed three or four times
which minimises the spurious signal introduced into the shape
measurements from the exposure mask. Thereafter, there is a
larger displacement repointing of the satellite to a new field.
These repointings are carefully designed in the Euclid survey
(Euclid Collaboration: Scaramella et al. 2022) to minimise the
change in the orientation of the satellite to Solar radiation, and
hence thermal variability in the PSF from the telescope, but at
the Euclid level of required accuracy this still requires complex
and challenging modelling, as noted at the start of Sect. 3.

While calibrations for weak lensing are mostly derived from
the science data itself, in particular for the PSF modelling which
uses stellar point sources within the field of view, or from the reg-
ular calibrations taken during the NISP photometric exposures,
some specific calibrations are required at typical intervals of a
month — the linearity exposures are a case in point — and these
are accommodated in the survey planning.

6. VIS performance

In terms of the requirements set on VIS discussed in Sect. 2,
these are tracked in detail and are available in Awan et al. (2022).
No major non-conformance is recorded.

In this section we rather discuss in broad terms the an-
ticipated pre-launch and immediate post-launch commissioning
performance of the VIS instrument and the weak lensing channel
as a whole, insofar as it affects weak lensing measurements. As
noted in Sect. 2, the various aspects of NISP performance, the
external photometry, and the Euclid Science Ground Segment
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are also critical for the overall performance of the weak lensing
probe.

6.1. VIS ground calibrations

The primary aspects of VIS pre-launch performance were ob-
tained through ground calibrations at block level (three CCDs,
a Readout Electronics and its Power Supply Unit; Sect. 3.1.3).
Comprehensive reports of these activities are available in Az-
zollini (2021) and Skottfelt (2021), with a summary here below.
Limited testing was also carried out at operational temperature
with all twelve blocks in the Focal Plane Array to check and
confirm the results of the individual block calibrations, and these
are briefly discussed in Sect. 6.2, and in more detail in Azzollini
(2019). Further calibrations after instrument delivery were ob-
tained at Payload Module and satellite level with the telescope at
operational temperature, and these are described in Sect. 6.3.

6.1.1. CCD performance

The CCD273-84 performance is excellent, with the overall sen-
sitivity well within specification, as noted in Fig. 7. The pixel-to-
pixel sensitivity variation (the photon response non-uniformity)
is also typically half of the maximum allowed by the specifica-
tion. Deep flat-field exposures reveal at a low level the presence
of ‘tree rings’ which result from the cooling of the raw Si boule
during refining. There is no specification on these and they may
be sensitivity enhancements which can be addressed through the
photo-response non-uniformity correction in the data process-
ing, and/or the result of the very slight displacement of pixel
boundaries.” Cosmetic defects, specifically dark and bright pix-
els, and bright columns, are within what was budgeted. Dark cur-
rent at operating temperature is negligible. Pixel full well capac-
ities, which set the dynamic range, are also above the minimum
specification of 175000 e~. Charge Transfer Efficiency, which
measures the fraction of charge transferred from one pixel to the
next during readout, is within specification in the absence of ra-
diation damage — appropriate to the start of the mission — both
for the transfer of rows, and, in the readout register, for the trans-
fer to the readout node. With the correct voltage inversion of the
Si substrate immediately before the exposure begins, persistence
effects from bright sources are negligible.

The size and ellipticity of the PSF resulting from charge dif-
fusion in a CCD pixel is also within specification and here the
PSF size decreases with wavelength (Niemi et al. 2015). This is
because Si is more transparent to longer wavelengths, and there-
fore absorbs red photons closer to the electrode structure within
the pixel, so they have less opportunity than blue photons to mi-
grate laterally across pixel boundaries. This counteracts to some
extent the PSF wavelength dependence of the optics.

6.1.2. Detector chain performance

Once connected to the Readout Electronics, the complete detec-
tor chain is compliant with the readout noise at < 4.5e7, given
the gain of 3.5 e~ per least significant digital bit (Szafraniec et al.
2016). The gain is higher than the designed-for 3.3 e~ value, and
results in a slightly coarser digitisation of the readout noise, but

® In VIS their amplitude is much smaller than those reported in Plazas

et al. (2014) and Park et al. (2017) for the CCDs of the Dark Energy
Camera DECam and in the LSST Camera at the Vera Rubin Observa-
tory, respectively. Okura et al. (2015) conclude that they will not have a
significant impact on the LSST cosmological analysis.

has the advantage of allowing the higher dynamic range in the
flight batch of CCDs to be exploited.

If a linear ramp of increasing voltage is applied to an
analogue-to-digital converter, the digital number on the output
should rise in steps in direct proportion. However, in practice, the
step sizes are not uniform at the least significant bit level and all
bits are affected. This is a digitisation noise sometimes called dif-
ferential nonlinearity. The differential nonlinearity performance
of the analogue-to-digital converter in the Readout Electronics
was characterised during the on-ground testing (Candini 2020)
for eleven'® of the twelve blocks and two spares. This noise
source constitutes a large fraction of the detector chain readout
noise. However, there are patterns in the behaviour which may
cause difficulties in background subtraction, although this is not
expected given the dominance of the optical background. It is
not clear yet how the characterisation that was carried out can be
used to reduce the noise, but the calibration data are archived.

As the analogue-to-digital converter in the VIS Readout
Electronics is seen in some instruments to display a correlated
behaviour in pixel values from two conversions earlier or later
(Boone et al. 2018), this was checked for VIS but found to be
not present.

The electronic bias measured with the CCD connected is
about 9200e~ compared to the roughly 2000e~ with a simu-
lated CCD output connected. This increase was seen also in Gaia
and is understood as a characteristic of the CCD summing well,
which is located immediately prior to the readout node; it proved
not to be possible to avoid. The bias stability is therefore likely to
be dominated by this effect, nevertheless under stable conditions
it is constant to within 1 e~ (Liebing 2021).

The transient response from high to low signal levels has
been found to be well-controlled and slightly underdamped on
average, with overshoots or undershoots of the subsequent pixel
at a fractional level of between —3 x 10~ and 3.5 x 10~ for
all 144 channels. This is important: if for example the response
is slow, a tail will be evident trailing the image and this affects
the shape measurement. These trails can be separated from tails
arising from radiation damage trapping because the amplitude of
these will not be affected by the distance of the source from the
readout register.

Despite careful layout of the electronics components, elec-
tronic cross-talk within the Readout Electronics produces ghosts
in adjoining channels. This is difficult to avoid, and just meets the
very tight specification. The ghost is at the level of < 5 x 107#
with the worst crosstalk occurring between the pairs of chan-
nels located back-to-back on opposite sides of the circuit board
(Fig. 13). Crosstalk from other channels is typically a factor of
3-10 lower than this. The effect on weak lensing was consid-
ered by Hoekstra (2017) including the contribution from cosmic
rays and bright stars, and, with the loss of a small fraction of
discarded pixels, judged acceptable. In the ground calibrations,
the repeatability at different wavelengths using optical measure-
ments was high, as was the repeatability between measurements
carried out on different blocks of Readout Electronics.

6.1.3. Linearity

CCDs are linear in that their Si will generate photo-electrons at a
rate linearly proportional to the incoming photon flux. However
the degree to which the generated photo-electrons drift to ad-
joining pixels depends on the charge already accumulated in the

10 Owing to the novelty of this test, the procedure was not validated in
time for the testing of the first block.
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pixel (the brighter-fatter effect). The PSF width therefore grows
with increased charge within a pixel (Niemi et al. 2015), as the
photo-electrons generated later in an exposure experience a re-
ducing pixel barrier caused by the accumulated charge from the
electrons already in the pixel.

Although the total flux in, for example, a stellar image, is
conserved in this effect, at the pixel level flux will have been
transferred preferentially from brighter pixels to fainter ones,
resulting in a nonlinear response for individual pixels. Subse-
quently, as noted in Sect. 2.3.1, during transfer for readout, some
trapping of electrons will occur as a result of lattice damage from
ions, and the likelihood of this occurring depends on the size of
the charge packet being transferred, with low levels of charge
proportionately more affected. This is a second source of nonlin-
earity.

A third source is the nonlinearity of the electronics chain,
from the output node of the CCD to the analogue-to-digital con-
verter. This was measured at Readout Electronics block-level on-
ground, using calibrated shutters and light sources as less than
2.5% for values above 25000 e~, but rising to in excess of 10%
as the signal approached zero. There is no requirement on this
nonlinearity itself, but rather on the knowledge of the nonlin-
earity (i.e., on the difference between the measured value and
a model fit) at < 6 x 10~ at the end of mission (Euclid Col-
laboration 2018b), and on its stability. At low flux levels, this
requirement is not appropriate, and potentially should have been
couched in absolute, rather than relative terms. Azzollini (2021)
considers that the on-ground measurements are likely to be inac-
curate, but the reason is not understood.

6.1.4. Calibrations for charge transfer efficiency

The ground calibration measured the performance of the cali-
bration methods to be used to quantify and correct for radiation
damage effects, viz. charge injection and trap pumping. Charge-
injection lines are similar over all CCDs and Readout Electron-
ics but with different levels for the top and bottom CCD halves,
because they are not mirror-imaged about the charge injection
structure, as noted in Sect. 3.1.1. The charge levels along the
CCD rows are constant within 20% which is consistent with
the specification — some variation is desirable to constrain bet-
ter the modelling characterising the radiation damage in the data
analysis. The trap pumping sequences ran successfully (Skot-
tfelt 2021), demonstrating that trap species could be identified in
the parallel pumping given the 4-phase electrode structure of the
pixels, and in the serial pumping of the 3-phase readout regis-
ter. Because too few traps are evident in the serial registers not
yet affected by radiation, this was limited to the extent sufficient
to prove the principle. Recommendations were made for minor
improvements.

6.2. Performance of the integrated Focal Plane Assembly

While the reference calibration for VIS was carried out at block
level as described above, limited tests were also carried out with
the full focal plane to confirm the earlier measurements, and
specifically to check for any electromagnetic interference evi-
dent in the readout noise — this should be negligible because of
the synchronisation of all channel readouts.

The tests were carried out during the thermal vacuum test-
ing of the Focal Plane Array without optical stimulation. The
tests included bias, charge injection and dark current at nominal
operating temperature (153 K for the CCDs and 270K for the
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readout electronics), and at the extremes of the operational tem-
perature range (145-165 K and 245-292 K respectively). These
confirmed the operation of all 144 channels and allowed mea-
surements of the transient response, readout noise, bias levels
(and uniformity), charge injection levels, and dark noise. The re-
sults were consistent with the block level testing, with slightly
better readout noise, in the range 2.17-4.06 e™.

6.3. Payload Module and satellite-level testing

VIS was delivered to ESA in early 2020 for integration into the
Payload Module (Fig. 5). The Assembly, Integration, and Test
programme culminated in a 2-month thermal-vacuum test with
optical stimulation of the instruments in mid-2021. This testing
established the performance of the telescope, the relative align-
ment of the VIS and NISP instruments, their performance and
that of the Fine Guidance Sensor, and the level of interference
between these payload elements. This was the first test at opera-
tional temperatures and pressures for the full optical train up to
and including VIS. Additionally, this was the first check on the
alignment between the VIS Focal Plane Assembly, the Shutter,
and the Calibration Unit.

An exposition of the telescope and optical system can be
found in Gaspar Venancio et al. (2014). The predicted overall
end-of-life throughput of the weak lensing channel is slightly
above requirements, owing to a better-than-expected quantum
efficiency of the Euclid CCDs offsetting a reduced optical per-
formance consequent to a change in the third Fold Mirror coat-
ing from a multi-layer dielectric to protected Ag in order to sim-
plify the PSF modelling. The throughput (Fig. 7) peaks at 0.70
at 700 nm, and is above the specification of 0.65 through the
range 550-750 nm. Beyond this, both the predicted and required
throughput fall roughly together to 0.35 at 900 nm.

A report on the telescope performance during the Payload-
level Testing is in Gaspar Venancio et al. (2023). The PSF pro-
duced by the telescope optics is within specification in terms
of size and ellipticity in both the static and dynamic cases. The
static case refers to the fully relaxed optical system, and the dy-
namic case refers to the worst case performance over 11000 s
for a thermal perturbation caused by a defined reorientation of
the spacecraft. The size is set in terms of an R? parameter de-
fined in Massey et al. (2013) and Euclid Collaboration (2015)
which weights both the core and wings of the PSF, and is es-
sentially diffraction-limited at 800 nm, so that its dependence is
approximately proportional to wavelength.

The rejection levels for out-of-band wavelengths (also in
Fig. 7) are an order of magnitude or two worse than specified at
certain wavelengths, again as a result of the change in the third
Fold Mirror coating. This spectral leakage may cause difficul-
ties, particularly for the stars used for the PSF modelling. This
leakage also impacts the optical ghost rejection ratio, as this light
at leaked wavelengths adds to the ghost more significantly than
it does to the normal image.

The scattered light from the optics depends on the optical
microroughness and the optical element cleanliness, which has
been the subject of substantial effort at mission level and is ex-
pected to be within specification for the weak lensing channel.
Given that the fasteners for the beams holding the CCDs in the
Detector Plane Structure of the Focal Plane Array are covered
with small top-hat baffles, scattered light within VIS is limited
to the scattering or diffraction from these and the Shutter leaf as
it opens and closes. This is expected to be negligible. Neverthe-
less, scattered light in optical systems at the level demanded by
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Euclid is challenging to control, and is often a significant source
of performance degradation.

For the first time the optical ghosts from the dichroic were
characterised. The ghost rejection is 5 x 107 instead of 2 x 1076
owing to the Ag replacement coating on the third Fold Mirror.
This means that optical ghosts will be evident in standard 566 s
exposures at the 1 e™ level for stars mag < 19, for which there
will typically be ~ 100 per CCD.

Overall, the performance of VIS was consistent with or bet-
ter than that from the Block-level and Focal Plane Array test-
ing, given that their longer duration provided greater stability.
An overview is available in Cropper et al. (2021), with more
extensive analyses in Liebing (2021). Examples are shown in
Figs. 20 and 21. The long campaign allowed the stability of the
instrument to be assessed with positive results. Diffraction spikes
from point source images allowed the orientation and arrange-
ment of the 144 quadrants to be confirmed. Flatfields, for the first
time taken with the Calibration Unit, were as expected. Impor-
tantly, diffracted- and scattered-light levels from the shutter edge
and from the Focal Plane structure supporting the detectors were
negligible; also, electrical and optical interference from NISP
and the Fine Guidance Sensor was undetectable. With respect to
the full optical train including VIS, the characteristics of point
sources from the collimator in the chamber were as specified,
falling largely within a pixel; note, however, that the PSF spatial
sampling becomes almost Nyquist when the spacecraft point-
ing error is added. VIS is expected to saturate on point sources
for mag < 18.0 in a typical 566 science exposure and reach
S/N = 5 for mag = 26.3 in three exposures and mag = 26.5
in four for a 0”76 diameter aperture with typical zodiacal light
backgrounds (the dominant source of noise). For the reference
Gaussian FWHM =073, mag = 24.5 extended sources in a 17/
3 diameter aperture, VIS reaches S/N = 15.5 in three 566-s ex-
posures — the requirement is S/N = 10 — and 18.0 in four. The
current best estimate for the S/N of these extended sources in a
1’/3 diameter aperture as a function of map is shown in Fig. 19.

At a technical level, one of the Readout Electronics, block
#7, which had earlier in the Payload-Level electromagnetic com-
patibility testing experienced a voltage regulation failure at high
temperatures, performed nominally at operational temperatures.
This is evident in Figs. 20 and 21 and confirmed the decision not
to replace it. A delayed switch-on of a power-supply board in
the Control and Data Processing Unit at low temperatures was
corrected by replacing it with a Flight Spare board in late-2021.

A few tests principally to make minor improvements on the
operating points of the charge injection and trap pumping cali-
brations were carried out without optical stimulation during the
satellite-level thermal vacuum testing in mid-2022.

6.4. In-orbit commissioning

Euclid was launched on 1 July 2023 from Cape Canaveral by a
SpaceX Falcon 9 launch vehicle. The satellite and instruments
were commissioned during the month-long journey towards the
Second Lagrangian Point, with VIS switched on successfully on
the nights of 11/12 and 12/13 July 2023. The first exposures with
the shutter closed (biases and darks) were contaminated by scat-
tered light, the origin of which was identified as originating from
a thruster illuminated by the Sun at certain orientations of the
spacecraft. The first open shutter observations showed fine star
and galaxy images, indicating that the telescope focus was rela-
tively good even prior to in-orbit focusing. Cosmic rays — mostly
Solar protons — were detected at the expected rate and energies
as incorporated in pre-launch simulations. An unprocessed 566 s

image taken on 23 July 2023 within a revised spacecraft pointing
envelope eliminating the scattered light was released publicly
and is shown in Fig. 22.

As the satellite commissioning progressed it became evident
that as a consequence of insufficient shielding by the spacecraft,
VIS detects X-rays in up to 10% of the focal plane, depending
on the level of Solar activity and the spacecraft orientation with
respect to the Sun. These events are characteristic in terms of
their energy and sharpness, and, as for the cosmic rays, can be
removed in processing. At peak Solar X-ray flux the number of
lost pixels in a single exposure in the affected region is signifi-
cant; nevertheless, except in the worst cases, almost all pixels can
be recovered, because all sky fields are observed with four expo-
sures during the wide survey. The insufficient shielding however
also implies greater than specified particle damage to the affected
CCDs, with unavoidable reduction in charge transfer efficiency
as the mission progresses.

The Euclid telescope was focused using VIS, and after
these procedures the PSF was confirmed to be within specifi-
cation. Further minor refinements have taken place during the
Performance-Verification phase. It became evident that the Eu-
clid Fine Guidance Sensor was at times not performing to speci-
fication. This has been addressed (Euclid Collaboration: Mellier
et al. 2024). As these effects do not pertain to VIS, these are not
pursued further here.

The VIS commissioning has demonstrated that the Euclid
VIS performance is, in all respects, as or better than specified,
importantly meeting readout noise, bias stability, throughput, dy-
namic range, and pixel-to-pixel uniformity requirements. Using
the Euclid Science Ground Segment’s colour correction to esti-
mate VIS magnitudes from Gaia G-band magnitudes, the Gaia-
based photometric zero point to produce a count rate of le” s~
is map = 25.75 for a frequency-flat spectral energy distribution.
The expectation from the payload-level testing throughput mea-
surements was mag = 25.74, so that the S/N is consistent with
that represented in Fig. 19. Refined characterisation and calibra-
tion is continuing with data from the Performance-Verification
phase and regular calibration sequences during the survey.

An image centred approximately at RA 17°55"25”, Dec
65° 18’ 22” (J2000) in the region of the North Ecliptic Pole was
produced from 16 nominal 566 second exposures which were
processed and combined using a pre-production version of the
VIS processing function using on-ground calibrations. The indi-
vidual exposures were combined using a weighted mean, cosmic
ray flagging will be improved in future versions of the pipeline,
and saturated pixels in some bright star images are shown black.
Three sub-images taken from the full image are shown in Fig. 23.
The sub-images have been re-binned from 071 pix~! to 0”72 pix~!
and reach approximately mapg = 26 with an S/N of 10.

7. Open points

In the years between the genesis of Euclid and the final space-
craft testing, major advances have been made in understanding
how the biases in the weak lensing measurements can be quan-
tified and organised, and how they may be minimised. As noted
in Sect. 2, the work of the years to mission selection in 2011
was brought together in Cropper et al. (2013), and the effects
organised and error allowances assigned according to the under-
standing at that time. These were used as the basis for the design
of VIS. However, some important aspects were not included in
the allocations, for example the errors resulting from biases and
outliers in the photometric redshifts. On the instrument itself,
advancing the performance of the detectors and their associated
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Fig. 19: The current best estimate of the S/N assuming average levels of zodiacal light background for the Wide (3 or 4 exposures)

and Deep Survey (assuming 40 visits to the field; 150 exposures).

electronics to the levels required for Euclid identified effects not
known or appreciated at the start of the project. At the same
time, performance margins have arisen from new insights into
how the biases and uncertainties interact. It is therefore instruc-
tive to move beyond the formal requirements here to summarise
informally where VIS may meet its long-term expectations, and
where there is still work to be done.

The VIS-specific effects which were not included in Cropper
et al. (2013) include cosmic rays, the brighter-fatter effect, tree
rings, colour-dependent pixel response non-uniformity, patholo-
gies of analogue-to-digital converters, the transient response, the
stitch-block pattern on the CCDs, and the details of the radia-
tion effects when the detectors are irradiated cold. There are no
allocations and no formal requirements for these. The brighter-
fatter effect, radiation damage trapping, and the intrinsic nonlin-
earity of the detection chain are all interacting but separable ef-
fects. Trails from not-perfect transient responses of the Readout
Electronics and the trails from the radiation-induced trapping in
the CCD are also interacting but separable effects. Formally the
colour dependence of the pixel response non-uniformity should
require a flat-field correction dependent on the spectral energy
distribution of the source at the location on the detector where it
is incident. There are requirements at the lower level on the elec-
tronic cross-talk, but none at the higher levels in the Payload El-
ements Requirements Document (Euclid Collaboration 2018b).
The error in the digitisation in the analogue-digital converters
within the Readout Electronics was considered to be Gaussian,
and as part of the detection chain readout noise; however, the
differential non-linearity measurements carried out for the VIS
channels revealed patterns depending on which bits were tran-
sitioning from the previous measurement, and while the overall
readout noise budget is met, there may be some residual effects
resulting from its non-Gaussian nature. The stitch blocks, tree
rings, and CCD metrology and optical distortion all contribute
to distortion of the galaxy shape measurement, but there is no
allocation for the tree rings.

Most of the knowledge of the radiation-induced trapping ef-
fects in CCDs has been gained from ambient irradiation, or in
rare cases, in cold irradiation but with an ambient interval that
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anneal the trap sites. These results have been used in the models
which correct the resulting charge trailing during readout of the
detector. As noted in Sect. 3.1.1, irradiation and testing of the
efficiency of the charge transfer during readout in radiation dam-
aged CCDs at continuously maintained cryogenic temperatures
has identified that rather than the trap time constants having dis-
crete values, there is a broad spectrum of time constants. This
requires modifications to the modelling of the charge transfer
and a re-analysis of its fidelity.

Turning, on the other hand, to where performance margins
have been identified, a critical point to appreciate is that the fi-
nal weak lensing performance depends on the accuracy of cali-
brations, be they in-frame data, dedicated observations, external
observations, or simulations and models. All calibrations are im-
perfect at some level, and it is the difference between the accu-
racy of calibration and the unknown truth which results in bias —
only perfect calibrations would calibrate bias away entirely.

Simulations and models are critical tools in reducing the bi-
ases to acceptable levels. Examples (Hoekstra et al. 2017, 2021,
Hoekstra 2017) include the effects of faint background sources,
which will be important with S/N > 1 at mag > 27.5 for the
nominal survey, and the corrections for electronics ghosts. The
level of some effects such as the non-linearity of the detector
electronics or the ellipticity arising the telescope optical system
need be only weakly constrained if they can be well calibrated,
and many residual effects can be corrected by generating simu-
lations with and without the effect and making corrections either
in the fitting to the data or in the shear catalogue.

In some cases, calibration residuals will be evident in the de-
tector coordinate system, perhaps only when a number of resid-
ual images are stacked. For example, inadequate correction of ra-
diation damage trails will always result in a pattern which peaks
at the pixels furthest from the readout node for each quadrant
(i.e., at the centre of the CCDs) and the parameters for the cor-
rection algorithm can be adjusted to minimise these. While ad-
ditive biases can generally be determined by such techniques,
this does not apply to multiplicative biases; nevertheless a rela-
tionship between additive and multiplicative biases can be es-
tablished through simulations, so that much of the multiplicative



Euclid Collaboration: M. Cropper et al.: The Euclid VIS Instrument

Row Pixel #

0 2000 4000 6000 8000 1000012000 14000 16000 1800020000 22000 24000
Column Pixel #

Fig. 20: Payload-level testing. Top: Bias image of the full 144
quadrants in the Focal Plane Array after processing to sub-
tract mean levels. The greyscale bar is in analogue-digital units
(ADUs) where the ratio of ADUs to electrons is the gain, so
1ADU = 3.5e". Bottom: The readout noise per quadrant in
the bias image for all 144 quadrants. Again, the colour bar is
in ADU, so the readout noise in the worst quadrants is 3.8¢7,
within the specification of 4.5e™.

bias is removable (Hoekstra et al. 2021). Moreover, in Kitching
etal. (2021) new ways have been identified to reduce the residual
multiplicative biases.

One of the simplifying assumptions in the error allowance or-
ganisation in Cropper et al. (2013) was that the incorrect calibra-
tions acted independently and hence could be combined accord-
ing to analytic prescriptions. Euclid Collaboration: Paykari et al.
(2020) describes a methodology which allows the combination
of the biases to be considered inherently according to the prob-
ability density function of their errors. All of these techniques
create more margin than was considered at the earlier time.

483 487 49.1 49.5 49.9 50.2 50.6 51.0 51.4
ADU (x1000)

Fig. 21: Payload-level testing. Top: Flat-field image from the
Calibration Unit at 720 nm taken during the Payload-level test-
ing after bias subtraction and gain correction. The reduced flux at
the corners of the focal plane is as expected from the Calibration
Unit design. The contrast on this image was set very high, as is
evident from the greyscale bar below the image. It also indicates
the correct orientation of the unit on the Payload Module base-
plate. Bottom: The image of a bright source directed into the gap
between CCDs near the centre of the focal plane. The 12 diffrac-
tion spikes confirm the correct orientation and registration of the
image. Also evident in this image are the faint vertical stripes on
some CCDs which result from the amplifier glow in the readout
register, at a level of less than 1 ADU (1 ADU = 3.5¢7) and a
ghost image from the dichroic to the right of the bright source.
The greyscale for each quadrant is individually calculated in this
image.
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Fig. 22: Top: A ‘First Light” on-sky 566 s exposure from the full
VIS mosaic of 36 detectors, after stray light avoidance measures
were taken. It is shown on a log intensity scale with the intensity
range shown in the grey-scale bar below the mosaic. To display
it, pixels have been binned 12x12 into super-pixels to create a
2kx2k image but otherwise it is unprocessed. Bottom: The third
CCD from the left-hand-side in the top row of the mosaic dis-
played at full resolution, again unprocessed. In addition to stars —
evident from their diffraction spikes — star clusters, and galaxies,
there are numerous cosmic ray events, some seen as extended
streaks depending on their angle of incidence, and optical ghosts,
the most prominent of which is half way up on the left hand side.

It is evident from the above that, at the Euclid levels of ac-
curacy for weak lensing, attention to the interactions of a multi-
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plicity of effects — several of them newly appreciated — from the
initial data capture to the cosmological analysis, is required at
every level in the weak lensing probe. While the understanding
of the critical issues has evolved since their formulation, the con-
servatism of the mission and instrument requirements, together
with the gain made in identifying margins, is expected to offset
the complications and omissions arising since then. The analyses
and calibrations made at satellite level to provide stability of the
satellite pointing and PSF are unprecedented. The minimisation
of the thermal perturbations to the telescope in the survey design
has been successful. The science data processing functions can
evolve along with the greater understanding of the biases in the
data, and of how they can be minimised. For the VIS instrument
itself, the calibration campaign has been unmatched in terms of
the extent and diversity of the measurements and in the under-
standing of the detectors and their radiation damage suscepti-
bility. Sufficient flexibility exists within the detector chains to
optimise their operating points in the event of unexpected devel-
opments, and the on-board calibration facilities afforded by the
Calibration Unit and by the charge injection and pocket pumping
radiation damage monitoring set a new level of capability.

8. Summary

In this overview paper we have described the general principles
that were considered to develop the instrument concept, so as to
provide a context as to why the VIS design is as it is. We then
provided a description of what was actually built and tested, and
an overview of its performance prior to the formal evaluation
during the Euclid Performance-Verification phase. We have em-
phasised the links to the other elements of the Euclid mission —
the survey and operations, and the data processing. At the end
we considered how VIS has weathered, as time has passed, the
increase in our understanding of weak lensing scientific imper-
atives and the nuances of the as-built instrument performance.
Many of the elements of VIS (ground calibration, the subsys-
tems, the CCD optimisation, and the organisation) are commu-
nicated more fully in associated papers.

VIS provides the second-largest focal plane in space for sci-
entific purposes, exceeded only by that on Gaia. It will, however,
transmit full images, unlike for Gaia, so that its images will be,
by a large factor, larger than any other available from orbit. VIS
is a large imager even in terms of ground-based astronomical im-
agers. Moreover, VIS will produce images of spatial resolution
similar to those produced by the retired WFPC2 instrument on
the Hubble Space Telescope. It has been an ambitious project to
engineer such a facility for space.

But it is not the scale of the instrument that has proven to be
the most significant challenge: it is the intrinsic stability that is
required, and the level of knowledge of its characteristics. Even
more, it has been the understanding of how these characteris-
tics interact with the rest of Euclid, and in particular with the
overall requirements of the weak gravitational lensing survey.
These are particularly tightly enmeshed — unlike in a typical
observatory-class mission — with a deep understanding required
in disciplines ranging from details of the detector physics to the
statistical properties of weak lensing power spectra. At the level
of the Euclid requirements, this has been a scientific programme
in itself.

These imperatives have translated into stringent specifica-
tions for all of the subsystems. Through its fine level of balance
and momentum compensation, the shutter provides exception-
ally low-disturbance actuation. The Focal Plane Array design
provides a high level of stability at the focal plane by mechan-
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Fig. 23: Three sub-images from a combined VIS image centred approximately at RA 17° 55" 25", Dec 65° 18’ 22" (J2000) produced

from 16 nominal 566 second exposures. The prominent barred spiral galaxy at the upper left-hand side is approximately at RA
17°55"15”, Dec 65°4’ 1" (J2000). The top sub-image is 10’5 X 5’3 on a side while the lower two are 9°0 X 6’4 and 9’8 X 65 on a

side. North is to the right and east is to the top.

ically and thermally decoupling the warm Readout Electronics
from the CCDs. The CCDs and Readout Electronics provide
state-of-the-art performance in terms of sensitivity, noise, sta-
bility, resistance to radiation damage, and in the provision of in-
flight calibration modes, all at power levels that are significantly
lower than used in previous missions. The Control and Data Pro-
cessing Unit performs the real-time processing from the large
focal plane within the time constraints set by the efficiency re-
quirements of the observing sequence. The sequence itself takes
advantage of the parallel operation with NISP to provide a mass
of calibration data for the science data processing. The VIS op-
eration as a whole is driven by the necessity to maximise the
knowledge of the instrument’s state through repeatability, lim-
ited operating conditions, and intrinsic stability.

Moreover, the specifications derived for the cosmological
measurements qualify Euclid VIS to be used for a wide range of
astronomy and astrophysics beyond cosmology — see for exam-

ple Signor et al. (2024), Pontinen et al. (2023), Euclid Collab-
oration: Bretonniere et al. (2023), Moriya et al. (2022), Euclid
Collaboration: Borlaff et al. (2022), Bisigello et al. (2020), Eu-
clid Collaboration: Barnett et al. (2019), and Inserra et al. (2018).
Despite having only one (broad) optical band, its spatial resolu-
tion, depth, and coverage of the entire extragalactic sky will be a
unique resource for galaxy morphology and, combined with the
infrared photometry from NISP, for galaxy properties and evo-
lution as a whole, producing images with finer spatial resolution
at z = 0.7 than the Sloan Digital Sky Survey at z = 0.1. It will be
a powerful tool for identifying galaxies at z > 7 through photo-
metric dropout in the VIS band. It will be a discovery machine
for strong gravitational lenses and faint structures around galax-
ies in the local Universe arising from mergers. Stellar popula-
tions can be resolved out to 5 Mpc. It will extend Gaia astrom-
etry in terms of proper motions, especially in the Deep Survey
and revisited calibration fields, but also in the > 150 deg2 of ad-
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jacent field overlaps. It will be a prime resource in identifying
targets for the James Webb Space Telescope. It will even be a
resource for the discovery of asteroids. At S/N = 10, VIS is pro-
jected to reach map > 27 over 53 deg” in the Deep Fields, and
map = 25 for the remainder of the extragalactic sky. With an im-
provement of around 10 in PSF area over the best ground-based
images, VIS will provide a high-resolution optical-band context
over the extragalactic sky for a wide range of astronomy and
astrophysics. Perhaps VIS images will percolate into the wider
public consciousness, especially when combined with lower res-
olution colour information from NISP or ground-based facili-
ties, or, in the future, with the similar-resolution images from
the Chinese Survey Space Telescope and, in the infrared, from
the Nancy Roman Telescope.
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