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ABSTRACT

The Near-Infrared Spectrometer and Photometer (NISP) on board the Euclid satellite provides multiband photometry and R > 450 slitless grism
spectroscopy in the 950-2020 nm wavelength range. In this reference article we illuminate the background of NISP’s functional and calibration
requirements, describe the instrument’s integral components, and provide all its key properties. We also sketch the processes needed to understand
how NISP operates and is calibrated, and its technical potentials and limitations. Links to articles providing more details and technical background
are included. NISP’s 16 HAWAII-2RG (H2RG) detectors with a plate scale of 073 pixel™! deliver a field-of-view of 0.57 deg®. In photometric
mode, NISP reaches a limiting magnitude of ~24.5 AB mag in three photometric exposures of about 100 s exposure time, for point sources and
with a signal-to-noise ratio (S/N) of 5. For spectroscopy, NISP’s point-source sensitivity is a S/N = 3.5 detection of an emission line with flux
~2x 107 % erg s~ cm2 integrated over two resolution elements of 13.4 A, in3x 560s grism exposures at 1.6 um (redshifted He). Our calibration
includes on-ground and in-flight characterisation and monitoring of pixel-based detector baseline, dark current, non-linearity, and sensitivity, to
guarantee a relative photometric accuracy of better than 1.5%, and relative spectrophotometry to better than 0.7%. The wavelength calibration
must be accurate to 5 A or better. NISP is the state-of-the-art instrument in the near-infrared for all science beyond small areas available from HST
and JWST — and an enormous advance from any existing instrumentation due to its combination of field size and high throughput of telescope and
instrument. During Euclid’s 6-year survey covering 14 000 deg? of extragalactic sky, NISP will be the backbone for determining distances of more
than a billion galaxies. Its near-infrared data will become a rich reference imaging and spectroscopy data set for the coming decades.

Key words. Space vehicles: instruments — Instrumentation: photometers — Instrumentation: spectrographs — Infrared: general — Surveys — Cos-
mology: observations

1. Introduction At the same time, an extra ‘dark energy’ is needed. The clear
signal found of an accelerated expansion of the Universe at the
current epoch and near zero curvature require an additional en-

ergy component to influence the Universe’s expansion history.

Physics currently has a good understanding of what astronomers
call ‘baryons’, meaning the fundamental composition of atoms
and molecules that make up stars, planets, gas, and dust. How-
ever, observations of the dynamics of galaxies and galaxy clus-
ters demonstrated the need for an extra component of mass, or a
modification to the accepted gravitational laws, in order to rec-
oncile observed motions with inferred gravitational forces.

Together, making up ~95% of the total mass-energy con-
tent of the Universe at present time, dark matter and dark energy
pose one, if not the largest, open question in physical sciences
today — at the heart of our understanding of gravitation and the

Such an extra ‘dark matter’ mass component would very well
fit into the structure formation theory of the Universe, but to this
point no first principles predictions of the particle or field making
up dark matter exist from the particle physics side.

* Dedicated to our friend and colleague Favio Bortoletto (1951-
2019) and his central contributions to NISP.
** e-mail: jahnke@mpia.de
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composition and history of our Universe itself.

The Euclid mission is designed to bring light into this dark
sector of the Universe (Laureijs et al. 2011; Euclid Collabora-
tion: Mellier et al. 2024), within the ‘Cosmic Vision 2015-2025’
programme of the European Space Agency (ESA). Its primary
cosmological probes of (i) weak lensing and (ii) baryon acous-
tic oscillations will, for the first time, be analysed using data
from a large-volume, space-based survey. These data will mea-
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sure the expansion history of the Universe, as well as charac-
terise the details of structure formation to a level of accuracy not
possible from the ground. The Euclid mission as a whole, in-
cluding the spacecraft, its instruments and the data analysis, was
designed to differentiate between a cosmological constant and a
time-variable dark energy, while at the same time probe the very
nature of gravity (Amendola et al. 2018).

Euclid has two predecessor concepts within ESA’s Cosmic
Vision programme: SPACE (Cimatti et al. 2009) and DUNE
(Réfrégier et al. 2006). While they were proposed to carry out
each one of these two main probes, Euclid’s payload was de-
signed to cover both.

The overall design for Euclid was solely driven by the so-
called ‘dark energy figure of merit’ (Albrecht et al. 2006) that
represents a combined precision measure for dark energy prop-
erties. This very downstream number was subsequently broken
down into required precision goals of the individual cosmologi-
cal probes, from there to number statistics of galaxies, leading to
requirements on survey volume, the abilities of the Euclid tele-
scope and instruments, and the cosmology data analysis of the
planned data. It was clear that a dramatic improvement over the
existing or planned ground-based projects would come from (i)
a very large survey volume, requiring a wide-field telescope and
high sensitivity to cover a large area of the sky to a sufficient
depth quickly, (ii) very high-fidelity, high precision measure-
ment of galaxy shapes, and (iii) both near-infrared spectroscopy
as well as multi-band photometry. This defined Euclid’s capabil-
ities from the cosmology side.

At the same time, it was made clear from the beginning
that Euclid data will be usable for a very large variety of non-
cosmology (‘legacy’) science projects, from solar system ob-
jects to those in the early Universe. While none of these projects
would be allowed to drive Euclid’s design, at all times data
processing and data releases were being planned to enable the
broadest range of astrophysical science as possible.

All these considerations led to the definition of two instru-
ments onboard Euclid: NISP and VIS. NISP is the Near-Infrared
Spectrometer and Photometer. On one side, its near-infrared
spectroscopy channel (NISP-S) will provide three-dimensional
clustering information for ~35 million galaxies to infer the
growth of the Universe over cosmic time using baryon acoustic
oscillation measurements as a tracer of scales.

On the other side, its photometry channel (NISP-P) will pro-
vide photometry for more than a billion galaxies to derive pho-
tometric redshift estimates (photo-zs) when joined with ground-
based data at shorter wavelengths. In combination with the high-
resolution, high-fidelity, 530-920 nm images of the visible im-
ager (VIS) — the other instrument onboard Euclid (Cropper et al.
2018; Euclid Collaboration: Cropper et al. 2024) — one can build
three-dimensional weak lensing maps of matter across space and
time.

Euclid will also test the large-scale structure and its con-
stituents beyond these two diagnostics and the standard cos-
mological model, constraining alternatives to standard gravity
as well as the neutrino mass hierarchy (Amendola et al. 2018).
Aside from cosmology, Euclid’s extensive and unprecedented
survey data, be it high-resolution imaging over ~ 14 000 deg?
from VIS or slitless spectroscopy and multiband-imaging in the
near-infrared from NISP, will enable a large variety of astro-
physics studies from the Solar System to the earliest times after
the Big Bang.

In the following, first an overview is given of NISP and the
requirements on which its design and functionality are based

(Sect. 2). Then, the various components of NISP, including par-
tial design decisions, are described to a level necessary for under-
standing how NISP functions and which capabilities NISP pro-
vides (Sect. 3). This is followed by a description of how NISP
survey data will be calibrated (Sect. 4), and an initial assessment
of NISP’s performance in flight (Sect. 5). The paper closes with
a description of NISP’s operational options and limits (Sect. 6),
and an outlook (Sect. 7) into NISP’s operations in the coming
decade.

2. NISP overview and requirements

The need to use both weak lensing and galaxy clustering over a
large part of the sky via Euclid as a single mission created a clear
design outline for spacecraft, instruments, survey, and data anal-
ysis (Racca et al. 2016). As a result, the mission required for Eu-
clid a 1.20 m main mirror with a flat and low-distortion field of
view using a three-mirror anastigmat design. Furthermore, three
instrument channels were defined, distributed over two instru-
ments. On one side the VIS instrument provides a wide-field,
high-fidelity imaging capability at visible wavelengths (Crop-
per et al. 2018; Euclid Collaboration: Cropper et al. 2024). VIS
has one single wide passband between ~530 and 920 nm, with
the main aim of imaging galaxies with a very stable and very
well characterized point spread function, in order to extract ultra-
precise galaxy shapes or weak lensing measurements. The other
two channels, near-infrared multi-passband photometry and slit-
less spectrometry, were combined into NISP — which is the sub-
ject of this overview. For cosmology, NISP provides both spec-
troscopic redshifts directly, and for photometric redshifts con-
tributes the near-infrared passbands to be combined with exter-
nal, ground-based data in the spectral range ~400-900 nm.

These instrumental channels are meant to be used in the Eu-
clid Wide Survey over ~14 000 deg? — and an associated 2 mag
deeper Euclid Deep Survey over ~ 53 deg? — in the extra-galactic
and extra-ecliptic area of the sky, to avoid both the dusty galactic
plane and high zodiacal light background, and carried out over
six years (Euclid Collaboration: Scaramella et al. 2022) at the
thermally stable and low-background Sun-Earth Lagrange point
L2.

Within this framework, the fundamental instrumental re-
quirements that drove NISP’s design and capabilities — in con-
junction with the capabilities of the telescope and subsequent
data processing — are as follows. For actual in-flight performance
numbers please see Table 5:

— Wavelength range: near-infrared, ~ 900-2000 nm

— field of view (FOV): ~ 0.5 deg®

— Sampling: 073 pix~!, with very compact, near diffraction-
limited optics

— Spectroscopy: 2 grism passbands, R > 380, with 3.50 flux
limit <2x107! erg cm=2 57! for the H,, line at 1600 nm from
a 0”75 diameter source

— Photometry: 3 passbands, depth 24.0 mag at 50 for point
sources

— Calibration: photometric calibration < 1.5% over the whole
survey, spectrophotometric fluctuation of the zero-point in
flux limit <0.7% with wavelength calibration precision
<38% of one resolution element

— Structural thermal stability! better than 180 Wm™!' K~!/
2.2x107°K™!

! In telescope design practices the material ratio between the ther-
mal conductivity and the coefficient of thermal expansion measured in
Wm™' is an important parameter and is called steady state stability. Ma-
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— Thermal stability: detector temperature variation <4 mK
over ~ 1200s.

These fundamental requirements, together with other con-
straints such as limits on mass, volume, power consumption,
thermal stability, downlink data-rate, as well as boundary con-
ditions to materials and technological readiness-levels, led to the
NISP design that is now operating in space at L2. After the de-
sign, NISP was manufactured, tested, and then integrated into
Euclid, before finally launching in mid 2023.

For Euclid, the responsibility for the telescope, spacecraft in-
cluding mission operations, as well as data distribution lies with
ESA, while design and manufacturing of the instruments includ-
ing their onboard application software, as well as for the science
ground segment (SGS), responsible for data analysis, lies with
consortia of diverse institutes, funded by their respective national
agencies. The NISP instrument is led by the French national
space agency (CNES), with the Laboratoire d’ Astrophysique de
Marseille (LAM) as the central institution for coordinating, inte-
grating, and testing NISP. Major NISP subsystems, components,
and contributions were provided through a number of institu-
tions within a framework contract between the national agencies
of France, Italy, Germany, the USA, Spain, Denmark, and Nor-
way. Instrument operations, data processing, and scientific eval-
uation are taking place within the Euclid Consortium,” its SGS
and science working groups with more than 2000 scientists and
engineers, jointly working with ESA to reach the mission goals
and provide Euclid’s data to the world.

The above instrumental requirements resulted in a NISP de-
sign with the following basic properties — the resulting flight
model instrument is shown in Fig. 1:

1. General layout: NISP has a F/10.4 camera, transforming the
initial F/20.4 from the telescope to a field-size matching
the available instrumental volume, and providing a FOV of
0.57 deg? with 073 pix~!' over a set of 4x4 detectors. The
optics are matched to the telescope’s Korsch off-axis design
(Korsch 1977). NISP has to function inside a rather lim-
ited volume, with a maximum mass of 155kg (actual mass
85.3 kg for the main instrument, 40.7 kg for the warm elec-
tronics) and maximum power consumption of 200 W.

2. Shared FOV: NISP receives light transmitted by a dichroic
element outside of the instrument (Fig. 2); the reflected com-
ponent is used by VIS. The FOV is almost, but not perfectly
concurrent (see Euclid Collaboration: Mellier et al. 2024).
VIS and NISP can hence take data simultaneously, requiring
a well coordinated sequence of observations and mechanism
movements.

3. focal plane array (FPA): NISP uses 4x4 H2RGs with each
2040x2040 science pixels as well as a 4-pixel wide bor-
der of light-insensitive reference pixels. H2RG detectors are
operated at a temperature of about 95K to reduce thermal
noise. NISP’s plate scale is 0730 per pixel in both directions
with a 18 um pixel pitch. This makes the NISP point spread
function (PSF) undersampled for a 1.20m primary mirror.
The FPA is read out by 16 sensor chip electronics (SCEs)
at 135 K, each interfaced with Detector Control Unit (DCU)
electronics using a Multiple Accumulated (MACC) readout

terials with high steady state stability, like Silicon Carbide (~ 85 Wum™!
at 300 K) are very well suited to realising stable optical structures with
easy thermal control. For NISP this permits to build a lightweight struc-
ture with very low thermal deformation which is able to conduct heat
quickly.

2 https://www.euclid-ec.org
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scheme, thereby transferring its data to the Data Processing
Unit (DPU) — warm electronics (293 K) located outside of
the payload cavity in the Euclid service module (SVM).

4. Spectroscopy (NISP-S mode): The grism wheel assembly
contains one blue grism (BGg, 9261366 nm, R > 400), and
three red grisms (RGg, 1206-1892nm, R > 480) at differ-
ent orientations of dispersion direction. A 5th slot is an open
aperture to let the full beam pass for photometry observa-
tions.

5. Photometry (NISP-P mode): The filter wheel assembly con-
tains three passband filters Y;, Jz, Hg, splitting the wave-
length range ~950-2020 nm almost evenly in log-space of
wavelength, one open slot to pass light for spectroscopic ob-
servations, and a closed position blocking any light towards
the FPA. The latter is used for any dark calibration images.

6. Detector calibration: The light-emitting diode (LED)-based
calibration unit NI-CU provides light to repeatedly calibrate
the detector’s pixel-to-pixel sensitivity, as well as linearity.
It can directly illuminate the FPA area in each one of five
wavelengths from ~ 930 to 1880 nm.

7. Control and processing electronics: NISP’s warm electronics
command all instrument functions, and process the received
science data to reduce their volume consistent with downlink
data-rate limits. It also adds housekeeping data to be used as
diagnostics on ground with every science frame.

8. NISP has a data-rate limit for downlink to Earth of
290 Gbit/day.

The resulting design is described in Sect. 3 below and as
shown in Fig. 1: a thermo-mechanically ultra-stable silicon car-
bide (SiC) structure that allows mounting NISP to the payload
module and that connects optics, filter and grism wheel, and a
calibration source to the left in the image with the detector sys-
tem and cold readout electronics on the right. In a separate loca-
tion in the SVM, NISP’s warm electronics provides commanding
and data processing capabilities.

In its design and manufacturing NISP has gone through a
standard space hardware development cycle (Prieto et al. 2012;
Maciaszek et al. 2014, 2016, 2022): Breadboard and engineering
models were used on component level to assess materials and
functionality of designed parts. A Structural and Thermal Model
(delivered to ESA in 2017) was used to validate the mechanical
design and thermal control.

The NISP Engineering Qualification Model was used to
qualify all subsystems individually, including structure and sim-
plified optics. All electronics and their connections were func-
tional in this model, and tests were conducted in thermal vac-
uum and thermal balance. This model will continue to be used
during Euclid operations as a testbed for NISP-internal software
maintenance.

The Avionic Model has been designed to accurately repre-
sent the electric and electronic functionalities of NISP. It con-
tains all movable mechanisms, a representation of the calibra-
tion light source, as well as part of a detector array, but neither
mechanical structure nor optics. This model has been used in
the development of the Euclid service module and in the test-
ing of satellite operation procedures. The NISP Avionic Model
has been delivered to ESA and will remain there to be used by
mission operations for command testing.

Finally, the NISP Flight Model (delivered to ESA in 2020
as in Fig. 1) was ultimately integrated into Euclid and is now
operating in orbit.

Sub-system integration, assembly and testing took place un-
der the contributor’s responsibility in collaboration with various
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NI-CU

ColLA (Corrector
Lens Assembly)

Wheel Assembly)

NI-GWA (Grism
Wheel Assembly)

CalLA (Camera
Lens Assembly)

-

NI-SA
(Structural Assembly)

FPA (Focal
Plane Array)

Fig. 1. The NISP flight model after completion but without its light-tight multi-layer insulation. As a scale reference: NISP fits into a volume of
100 cm x 50 cm x 50 cm. Not pictured are the warm electronics (Sect. 3.7) that are located in the Euclid service module (SVM).

M1+M2 NISP filters
(+M3+FoM3) M3 Dichroic + NI-OA
FoM1+2
>2.15 um undetected
0.92-2.15 ym NISP science [ |
NISP
0.54-0.92 pm VIS science FPA
0.42-0.54 pm
<033 um — Fom3
]
VIS FPA

Fig. 2. The chromatic selection function of Euclid’s optical elements.
M1-3 are the primary, secondary, and tertiary mirror, FoM1-3 are pla-
nar folding mirrors. The behaviour of the dichroic element above 2.2 um
is not controlled by specifications; longer wavelengths could enter NISP
and would be blocked by the filters.

industries. At instrument level assembly and integration of all
models, as well as most of the testing activities, took place at
LAM and its large cryo-vacuum laboratory.

3. NISP components

NISP has a number of almost self-contained subsystems, which
we describe in the following. A partial background on develop-
ment decisions is included to motivate the designs that in the end
were used in the flight model.

3.1. Mechanical structure

NISP’s main mechanical structure (central part in Fig. 1) sup-
ports the optics, filter and grism wheel, calibration source, and
detector system, with the goal to keep all these sub-systems
aligned for the duration of the mission — while providing extreme

thermo-mechanical stability, high stiffness, and a thermally con-
trolled environment, separated from the rest of the telescope.
The design and choice of material for this structure were directly
driven by technical and performance specifications and bound-
ary conditions: the proximity of the telescope’s optical beam
folding mirror #2 constrained the available volume, and the mass
allocation budget of 37kg for the main mechanical structure,
drove the structure design and choice of materials. The position
of the corrector lens — located at the entry of the NISP optical
beam before the filter and grism wheels — and the large distance
between optical axis and the mounting interface to the payload
module baseplate — that is NISP’s ‘legs’ — were challenges for
the structural concept.

The driving criteria for the material selection for the main
structure were (i) a high intrinsic material stiffness — ratio of the
elasticity modulus E and the density p — in order to obtain a
good stiffness-to-mass ratio. The goal was that the first eigen-
frequency of the structure should be above 80 Hz to survive vi-
brations during launch; and (ii) a good structural thermal sta-
bility, as explained above. The latter is central to achieving less
than 0.3 K variation in the optics over the 6 years of flight op-
eration, enabling the continued alignment of the NISP’s optical
system with its focal plane. This is particularly challenging due
to the different temperature levels present in NISP: the optics
and mechanical structure are operated at a cryogenic tempera-
ture of ~135K, the detector array at around 95K, its read-out
electronics again at 135 K. The choice of material and design
were therefore also important to minimise the thermal gradients
and simplify the associated thermal control required to achieve
the targeted thermal stability of the mechanical structure — and
to avoid having to add a dedicated NISP focusing mechanism to
retain co-focality with the VIS instrument.
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All these reasons led to the choice of sintered SiC with
a stiffness of 420GPa/3.15gcm™ and a thermal stability of
180Wm™ ' K™1/2.2 x 1079 K~! for the instrument’s main struc-
ture (Bougoin et al. 2017). A second, smaller structure also made
of SiC forms the protective cavity for the grism and filter wheels.

The interface between the NISP instrument and the Euclid
spacecraft was designed to ensure a thermo-mechanical decou-
pling from the payload module to minimise heat transfers from
the satellite to the NISP instrument, and vice-versa. The final
concept is based on a hexapod system made of Invar that ensures
a quasi-isostatic mechanical link. The hexapod also reduces the
total conductance from the NISP main structure to the payload
module baseplate to ~0.035 W K~! while providing NISP with
the required stiffness.

3.2. Optics

We refer to the optics of NISP as the near-infrared optical as-
sembly (NI-OA). It reduces the telescope’s F/20.4 focal ratio
to F/10.4, halving the magnification by a factor of two. This
matches the illuminated optical field to the physical dimensions
of the FPA, and enables a more compact instrument architecture.

3.2.1. Optical design

The optical design of NI-OA is shown in Fig. 3. The dichroic
beam splitter in the exit pupil of the telescope in front of
NISP reflects the 530-920 nm range into the VIS channel (not
shown here, see Euclid Collaboration: Mellier et al. 2024; Eu-
clid Collaboration: Cropper et al. 2024) and transmits the range
>920nm into NISP — for more details see Fig. 2. The NI-OA
consists of two opto-mechanical groups (Gal et al. 2014; Grupp
et al. 2014), namely the corrector-lens assembly (CoLA) and the
camera-lens assembly (CaLA). In between are the filter and the
grism wheels (see Fig. 1). Figure 3 schematically shows the pho-
tometer mode with a filter in the beam path. The grism mode is
set up similarly.

In total NI-OA consists of four meniscus lenses. Since all
materials must be resistant to cosmic radiation (Grupp et al.
2013a), the choice of optical glasses is very limited. While the
CoLA lens L4 is made of fused silica, the three CalLLA lenses con-
sist of CaF, (L1) and S-FTM16 (L2 and L3). CaF, has unique
optical properties, such as low dispersion and high thermal sta-
bility. At the same time it is not a glass, but a brittle crystal with
a cubic lattice structure that is challenging to work with. Other
substrate materials suitable for the space environment would
have resulted in a considerable loss in optical performance.

The final design emerged from a more complex precursor
in which CoLA formed a multi-lens collimator so that the filter
was in a parallel-beam path. To save mass and volume, the num-
ber of lenses was gradually reduced, dispensing with the parallel
path. This increases somewhat the angle-of-incidence variations
across the filter surface, and thus the passband variations across
the FOV. These are present — and dominating — even if the filter
was in a parallel beam, see also Sect. 3.3 and Euclid Collabora-
tion: Schirmer et al. (2022).

The four lenses have a spherical surface on the convex front
side and an aspherical surface on the concave back side. We
found this system to have the minimum number of degrees of
freedom required to meet the high demands on optical imaging
quality. Additional aspherical surfaces on the convex sides could
improve the design even further or perhaps further reduce the re-
quired number of lenses. However, aspherical convex surfaces of

Article number, page 6 of 32

these large lenses with diameters between 130 and 170 mm can
in practice not be measured interferometrically and thus are not
manufacturable because computer-generated holograms (CGHs)
and Fizeau interferometers of the required size are not available
in industry.

Euclid’s wide-angle telescope is of a Korsch off-axis design:
The rays hitting the centre of NISP’s FPA do not enter the tele-
scope perpendicularly, but with an angle of 0?8357 to the optical
axis of the primary mirror. This design is a result of studies try-
ing to combine both a FOV large enough for Euclid’s survey
with flatness of the FOV in order to have excellent image qual-
ity using planar detectors. The need to also have a geometrically
sufficiently large and accessible focal plane for placement of in-
struments led to an off-axis telescope design. One consequence
of this off-axis configuration is the tilted focal plane of NISP,
clearly visible in Fig. 3.

3.2.2. Imaging quality requirements

The requirements for NI-OA’s optical imaging quality are pre-
defined by the telescope, which is designed to feed the instru-
ment with a diffraction-limited signal over the full off-centred
FOV (Grupp et al. 2013b, 2014, 2016). Here we refer to the
Maréchal criterion (Eq. 30-53 in Gross et al. 2006), which re-
quires a wavefront-error root mean square (WFE RMS) value
smaller than A/14 to be considered as diffraction limited. This
requirement emphasises the need for excellent mechanical ther-
mal stability.

Accordingly, the NI-OA design must also be almost diffrac-
tion limited over the entire FOV to preserve the imaging quality.
In addition, it must maintain the flatness of the FOV and it has
to guarantee low ghost-image intensities (see Sect. 5.3).

3.2.3. Filters and grisms with refractive power

In contrast to the telescope’s exclusively reflective mirror design,
NI-OA’s refractive lens design is not completely free from chro-
matic aberrations. With the wide wavelength range of NISP —
covering more than one octave — such errors could not be com-
pletely avoided. This problem is however overcome by dividing
NISP-P into three (Tab. 1) and NISP-S into two (Tab. 2) wave-
length bands.

The three bandpass filters (Sect. 3.3) are made from ‘Suprasil
3001’ fused silica. They have a diameter of 130 mm with a
clear aperture of 126 mm, a central thickness of 11.20mm to
11.96 mm, and are the largest NIR filters flown on an astronomy
space mission to date. The filters’ exit surface is planar, while
their sky-facing entrance surface is spherically convex, with cur-
vature radii between 9968 mm and 10027 mm. This slight op-
tical power compensates for the residual chromatic aberrations
of the refractive NI-OA. The filter substrates were glued into
holders on metal-blade springs that allow for compensation of
differential thermal contraction, which may occur between the
Suprasil substrate and the metals of the filter wheel.

The four grisms (Sect. 3.4) are also made of fused silica
and — for the same reason as the filters — have a mildly pow-
ered spherical entrance surface. The filter and grism blanks were
jointly manufactured by Winlight (France), all compared to a
common curvature reference surface to achieve a high accuracy
in the slightly different target curvature radii for the different ele-
ments. The latter facilitates co-focality of photometric and spec-
troscopic channels, that is they share the same focal plane. For
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Fig. 3. Beam path through the NISP optical assembly (NI-OA) in the photometer mode, consisting of CoLA, CalLA, and a bandpass filter. The
dichroic element is located in the exit pupil of the telescope in front of NISP. The three cones of rays, shown in different colours, correspond to

the centre and two opposing edges of the NISP field of view.

this reason it is not possible to use both a filter and a grisms si-
multaneously, as this would result in strongly defocused images.

3.2.4. Lens manufacturing

With a size of over 170 mm and a weight of more than 2.5 kg for
the most massive lens, NI-OA has the largest civilian lens sys-
tem ever launched into space. The manufacturing of this large
and high-precision assembly required extraordinarily sophisti-
cated technical methods. This included an accurate measurement
of the refractive indices that affect the focal length and — across
the large FOV — the field curvature and thus the imaging quality.

The measurements were performed with NASA’s CHARMS
cryo-refractometer (Grupp et al. 2016) for all lens materials
used, over a wide temperature (100 K-300 K) and a broad wave-
length range (420 nm—3000nm). The wide temperature range
is required because of NI-OA’s operating temperature of about
135 K, whereas it is manufactured and aligned at room tempera-
ture. This also called for a precise conversion of the lens dimen-
sions from cold to warm, using precision measurements of the
temperature-dependent coefficient of thermal expansion (CTE).

The eight optical surfaces — four spherical and four aspher-
ical — were produced using magnetorheological finishing in the
last manufacturing step, which was required to fulfil our specifi-
cations.

3.2.5. Assembly and Integration

Monte-Carlo tolerance analysis showed that the reduction of the
optical design to five refractive elements — four lenses and one
filter/grism — in combination with the large FOV and the aspher-
ical lens surfaces leads to particularly critical centring tolerances
of each lens. These range from 10 um to 20 wm from the assem-
bly of the components in the warm laboratory to operation under
cold conditions in a vacuum.

To overcome this challenge, we developed and tested an in-
terferometric alignment method based on multi-zonal computer-
generated holograms (MZ-CGHs). These holograms generate
multiple wavefronts with different focal lengths that build a se-
ries of spots along a straight line. The thus-defined optical axis
has an extraordinary straightness with only tiny deviations in
the sub-micron range, that makes it possible to simultaneously
align several optical elements on and along this axis, using one
wavefront-zone per element. This is the key feature of our in-
terferometric alignment method (for more details see Bodendorf
et al. 2019b).

Fig. 4. NI-OA, consisting of CoLA (left), CaLA (right), and a filter
dummy, mounted on an Invar structure in between, ready for the cryo-
genic test. The baffle in front of NI-OA, an aperture stop, is mounted at
the telescope’s exit pupil.

3.2.6. Common focus and test in warm environment

As stated, neither VIS nor NISP possess a refocusing mecha-
nism. In-flight focusing is solely achieved by adjusting the tip-tilt
and piston of the secondary mirror — a fine-tuning of the focus is
done in zero gravity during commissioning in space. Hence the
focus offset between both instruments must be almost zero in
space, and within NISP the three imaging (Tab. 1) and four spec-
troscopy modes (Tab.2) must have identical focal lengths. To
avoid mechanically stressful and time-consuming iterative cool-
down circles to find the common focus, a unique combination
of MZ-CGHs and a coordinate-measuring machine was used to
determine NISP’s back-focal distance — and thus the position of
the focal plane — with an accuracy of single microns. With the
precise knowledge of the refractive indices and the CTEs we
performed these measurements in a warm environment, these
agreed with the corresponding simulations of the instrument-
model at these temperatures. This confirmation allowed us to
correctly predict the properties also at cold. The procedure is
described in Grupp et al. (2019).
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Fig. 5. Optical performance of NI-OA at 1 = 960 nm, determined at two positions corresponding to the field centre (top row) and a corner of the
NISP field of view (bottom row). The wavefront maps in the first column are based on a Shack-Hartmann sensor measurement, the PSFs in the
second column are derived from these wavefronts, and the PSFs in the third column are directly observed with a CCD camera. Note the logarithmic

scale over four orders of magnitude.

3.2.7. Cryogenic optical performance test

An estimate of NI-OA’s in-flight performance is only possible
in cryogenic conditions at operating temperatures of 133K, in a
vacuum, and had to done before its integration into the NISP in-
strument. For this purpose, a temporary mechanical Invar hexa-
pod mount was developed to align CaLA and CoLA as shown
in Fig. 4. The assembly also included a filter dummy without
coating — and thus without filter functionality — as well as an
aperture stop at the telescope’s exit pupil, and thus formed an
optically complete module for the test.

The imaging quality was evaluated at several FOV positions
with two complementary approaches (Bodendorf et al. 2016),
namely a wavefront reconstruction based on a Shack-Hartmann
sensor (SHS) measurement and a direct observation of the PSF
with a cooled low-noise charge-coupled device (CCD) camera
with additional optical magnification. All measurements were
made with a superluminescent-diode at 4 = 960 nm. Here we
only present key results. For more details see Bodendorf et al.
(2019a), including the complete cryogenic experimental setup
and discussions of further results, such as the flatness of the im-
age plane.

The first column in Fig. 5 shows the wavefront in the cen-
tre and at the edge of the FOV; central obscuration and spiders
are caused by the measurement setup. They mimick Euclid’s
telescope, which has however not four, but only three spider
arms. The typical WFE RMS over the entire FOV range between
A/60 and A/30 (at 960 nm), which exceeds the diffraction limit
(Eq. 30-53 in Gross et al. 2006) of 1/14 = 69 nm by a factor of
roughly 2 to 4.

The second column of Fig. 5 shows the PSF derived from the
wavefront shown in the first column, and the third column shows
the PSF as measured by the CCD camera. Due to the large inten-
sity range of four orders of magnitude we averaged 40 individual
images to reduce the noise at low intensities present in individ-
ual camera measurement images. The slight visible blur is due to
minor mechanical offsets between images — both measurements
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methods are fully consistent, even in the fine structures of the
aperture’s complex diffraction pattern.

Lastly, in Fig. 6, we show the encircled energy (EE) derived
from the SHS-based PSF in Fig. 5, for different field positions.
The EE is the proportion of the total energy that lies within a
circle of radius R around the centre of the PSF. For compari-
son, we also display the ideal case for an aberration-free pupil
function. The radius is given in physical units and in pixels. The
right panel in the figure shows that at 1 = 960 nm about 2/3 of
the total energy are contained within a radius of 0.5 pixel, greatly
beneficial for the detection of faint compact sources. This is just
a few percent, at most, below the ideal diffraction-limited case,
showing that NI-OA has almost perfect optical performance. The
EE determined from the direct CCD-camera measurements (not
shown) is consistent with the SHS-based result. We note that
with a pixel pitch of 18 um, the NISP detectors undersample the
PSF in the sense of the Nyquist-Shannon theorem.

After integration into NISP the optical quality and proper fo-
cus were tested in a complex cryo-setup at LAM, confirming the
previous predictions and measurements at NI-OA-level (Costille
et al. 2019b).

To summarise, the NI-OA meets the highest demands on op-
tical imaging quality with only minimal deviations from the ideal
diffraction-limited case (Bodendorf et al. 2019a) and the distor-
tion — in the Y;-band — is < 1.5% relative to the field centre. This
provides the basis for NISP’s excellent image and data quality.

3.3. Filters

NISP provides three photometric passbands, Yz, Ji, and Hy, be-
tween 950 and 2021 nm. The properties of the filter substrates
are described in Sect. 3.2.3. The current best estimates of the
passband edges are listed in Table 1 and plotted in Fig. 7. A fil-
ter change is effected by the filter-wheel assembly (FWA) shown
in the left panel of Fig. 8. In addition, the FWA has a light-tight
closed position for various calibrations and to protect the detec-



Euclid Collaboration: K. Jahnke et al.: The Euclid NISP instrument

0.9644 4 |

Field Centre
Field Edge
— — — Diffraction limit| -

Encircled Energy
o o o o
N w » (9]

o

60 80 100 120 140
Radius [pm]

o

L L L

0 1 2 3 4 5 6 7 8
Radius [Detector Pixel]

0.9
0.85
08 101.6%, 103.1% |
’ of diffraction limit
0.75 1
)
o
g 7 Field Centr 1
(=S P ~ 2/3 of full energy fe entre
W 065 . ) Field Edge |
- in the central pixel ) o
— — — Diffraction limit
o 06 b
=
2 055 .
L |
0.5 = R(EE = 0.5) = 102.6%, 105.3% of diffraction limit R
0.45 R
04 1 : 1 1 1 1 1 Il Il
5 110 15 20 25 30 35 40
‘ Radius [pm]
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Radius [Detector Pixel]

Fig. 6. Left: EE of the NI-OA at 4 = 960 nm based on SHS measurements. Shown in red is the EE for the field centre, and in blue for the field
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on the left. The radii for the 50% and 80% EE values are expressed as a percentage of the diffraction-limited case. The x-axis is represented in
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tors during field slews, and an open position to allow spectro-
scopic observations.

The bandpass-forming dielectric interference layers were
coated onto the substrates by formerly Optics Balzers Jena (Ger-
many), now Materion Optics, using SiO, and Nb,Os as alternat-
ing low- and high-index materials, respectively. These coatings
have very low sensitivity to radiation-induced ageing. The pes-
simistic upper limit is 2% throughput loss until the end of the
mission, with the actual change likely to be much smaller. The
top layer of the layer stacks is always hard SiO,, providing phys-
ical protection and allowing for cleaning. The plasma-assisted
reactive magnetron sputtering (PARMS) process was used to
deposit between 72 and 188 layers per side, resulting in near-
rectangular passband shapes. The stack height is about 20 um,
with a good layer-thickness homogeneity of ~0.25% across the
filter substrates. A pilot study based on ion-assisted deposition
yielded an insufficient homogeneity of ~ 1%.

The stacks defining the high- and low-pass passband edges
could in principle be separated on the substrates’ entrance and
exit surfaces. Owing to the wide wavelength-interval blocking
requirements this would have resulted in stacks of considerably
different thickness. This carried the risk of bending the substrate
— and hence degraded optical performance — because of com-
pressive stresses from the coating process, and due to different
CTE of the layer stack and the substrate. Hence the stacks were
modified to have similar thickness on both substrate surfaces, be-
tween 19 um and 22 um depending on the filter. The maximum
difference of the coating-stack heights on any filter is 1.2 um.

While the NISP passband edges are defined by the filter coat-
ings, the out-of-band blocking of photons down to 0.3 um and
up to 3.0um is the combined effort of the filter coatings, the
dichroic, the NI-OA, the telescope mirrors, and the detectors (see
the chromatic selection function in Fig. 2). Within the NISP’s
main 0.9-2.0 um range, the out-of-band blocking factor — or total
spectral response — is typically on the order of a few 10™* com-
pared to the in-band transmission. Outside the NISP wavelength
range the blocking factor is 107> to 10~ or better. In practice
this means that the out-of-band contamination of the NISP pho-

tometric measurements is at most 2 mmag, and more typically
0.2 mmag.

The as-built passband boundaries are given in Table 1, and
their spatial variations from coating inhomogeneities and angle-
of-incidence variations, are shown in Fig. 9. More information
about the passbands, including tabulated curves, as well as the
underlying measurements can be found in our detailed study of
the NISP photometric system and its knowledge uncertainties in
Euclid Collaboration: Schirmer et al. (2022).

Please note that filter changes occur by rotation of the FWA.
The FWA positioning is not forced by a clutch or a similar de-
vice, but NISP works without an extra mechanism and positions
the FWA — and GWA - by commanding a certain number of
motor steps, then keeping a position simply by bearing friction.
Therefore this positioning can vary by a few 0°1 of wheel angle
between different instances of positioning a given filter. Since
the NISP filters are having slight optical power, this impacts the
exact distortion of the field — correspondingly this can slightly
vary between exposures.

Table 1. NISP photometry passband characteristics.

Filter | 50% cut-on 50% cut-off centre 050 Ocen
[nm] [nm] [nm]  [nm] [nm]

Y. 949.6 1212.3 1080.9 0.8/0.8 0.6
Je 1167.6 1567.0 1367.3 0.8/0.9 0.6
H, 1521.5 2021.4 1771.4 0.8/0.9 0.6

Notes. NISP photometry passband characteristics (from Euclid Collab-
oration: Schirmer et al. 2022). The passbands have similar width in
AA/A. The ‘50% cut-on/oft” wavelengths refer to the full width at half
maximum (FWHM) passband edges of the total spectral response. osg
is the uncertainty in the cut-on/off wavelengths, the first number refers
to the field-of-view centre, the second to the corners of the field. o, is
the uncertainty in the passband central wavelength. A visualisation of
the spatial cut-on/off wavelength shifts is shown in Fig. 9.
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Fig. 7. Total spectral response curves, accounting for mirrors, the dichroic element, all optical elements in NISP, as well as the detectors’ mean
quantum efficiency. Top panel: The three filter passbands are shown together with the approximate emission curves of the five calibration lamps.
Bottom panel: Shown are the blue and red spectral passbands for the 1%-order. The etalon spectrum used for wavelength calibration on ground is
overlaid as the grey curve at the bottom. The log-scaled spectrum of one of our compact planetary nebulae for in-flight wavelength calibration is
shown in purple (Euclid Collaboration: Paterson et al. 2023). All calibrator spectra are arbitrarily scaled in this figure.

3.4. Grisms

For its spectrometric measurements, NISP uses three ‘red’ and
one ‘blue’ grism, referred to as RGS000/180/270 and BGS000,
respectively. Their main characteristics are summarised in Ta-
ble 2. The grisms are mounted in the GWA, shown in the right
panel of Fig. 8, which is itself enclosed inside a cryogenic cav-
ity made of SiC together with the FWA. The grisms, whose
cross-section are shown in Fig. 10, combine three different opti-
cal functions (Costille et al. 2019a). First, light dispersion: this
is provided by the grism itself, a combination of a blazed dis-
persion grating and a prism, shown as dark blue and light blue
in Fig. 10, respectively. The grism places the 1st-order spectra
of sources in the same detector region as the imaging filters,
allowing the use of a common focal plane for both channels
(Sect. 3.3). Second, focusing: a contribution to an optimal fo-
cus is provided by the convex surface of the base of the prism
(see Sect. 3.2). Third, bandpass filtering: a multi-layer coating
deposited onto the surface of the base of the prism (yellow in
Fig. 10) defines the spectroscopic passbands, together with the
transmission characteristics of the NI-OA and the dichroic. This
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results in FWHM wavelength ranges of 926—1366 nm and 1206—
1892 nm for the BG; and RG;, passbands, respectively, as shown
in Fig. 7.

The grisms’ complex optomechanical design was derived
through a research & development programme funded by the
Centre National d’Etude Spacial (CNES) from 2010 onward, in-
cluding the first delivery of the grisms’ qualification models and
up to the flight models in 2017. The main complexities were
the grism size of 140 mm diameter, the low groove frequency
of the grating at < 16 grooves mm~', and a small blaze angle of
< 3°. Together with stringent requirements this led to highly spe-
cialised manufacturing specifications. Further challenges arose
from the grisms’ operating conditions in space, as the NISP de-
tectors (Sect. 3.5) require the optics to operate at a temperature
of ~ 135 K to reduce thermal background.? To minimise intrinsic

3 A second reason is that 135K is the maximum temperature for the
whole structure of NISP, which drives the minimal temperature the
NISP detectors can reach. Higher detector temperatures would mean
a worse performance due to for example higher dark current and read
noise.
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Fig. 8. Flight models of the filter-wheel assembly (FWA, left) and the grism-wheel assembly (GWA, right) before integration into NISP. Both
wheels contain the same cryo-motor and bearing system, but have their individual mechanical design. Each contains an open position to allow
light from the respectively other mode to pass. The FWA has one closed position, blocking the telescope beam into NISP for dark and flatfield
exposures, and one filter each for the Y, Jg, and Hg passbands. The grism-wheel assembly (GWA) has three grisms for the RGg passband, at three

orientations, and one for the BGg passband.

Table 2. Optical properties of the flight model of the NISP grisms.

Parameters Red grisms Blue grism
RGS000/180 RGS270  BGS000

FWHM bandpass [nm] 1206-1892 926-1366
Prism angle A 22145 + 30" 1277 + 30"
Mean groove height H [um] 3.16 £ 0.08 2.25+0.1
Mean blaze angle 8 2249 2248 1294
Mean pitch P of grooves [um] 72.55 72.96 66.22
Groove density [grooves/mm] 13.75 13.7 15.1
Averaged 0%-order transmission 2.4% 2.3% 2.0%
Averaged 1*'-order transmission 84.7% 84.3% 84.2%
Un-deflected wavelength [um] ~1.2 ~0.9
Spectral resolution |dA/dx| [nm/pix] 1.372 - 1.239
Resolving power R > 480 - > 400

for 0”5 diameter object

thermo-mechanical stresses, the grisms were built each from a
single fused-silica block with the grating directly engraved onto
the hypotenuse surface of the prism, possible through the cumu-
lative etching technology of SILIOS Technologies SA* (Caillat
etal. 2017). As a difference to the photometry filters (Sect. 3.3),
the coating could be applied to only one side of the substrate. A
check at cold was performed after manufacturing to demonstrate
that overall the curvature was within + 5 fringes of the nominal
curvature value at 633 nm.

Another design driver was the required redshift precision of
0(z) < 0.001(1 +z) for He emission-line galaxies with a FWHM
of 075 and a 3.50 detection limit at 2 x 10"'®ergs™' cm™
(Euclid Collaboration: Scaramella et al. 2022). The red grisms
were built with a prism angle of A = 2?145 and a groove fre-
quency of 13.7 groovesmm™'. The blue grism has A = 1°77
and 15.1 groovesmm™'. The grooves were engraved onto the

4 https://www.silios.com

prism surface following complex curves. This provides a wave-
front correction that compensates for the tilted NISP FPA and
the aberrations of the optical design, resulting in a nearly con-
stant dispersion law and uniform image quality (Costille et al.
2019a).

The grism raw material Suprasil 3001 (Heraeus LL.C 2020)
is a water-free synthetic fused silica with OH and metallic impu-
rities lower than 1 ppm, for maximum transmission in the NIR.
The grating blaze angle maximises transmission of the 1% or-
der, with a peak transmission at the central wavelength of the
grisms passband, which is at ~ 1.5 um for the red grisms and
at ~ 1.1 um for the blue grism. This minimises the flux losses
near the passbands cut-on and cut-off wavelengths. With 85% in
the 1%-order, the measured transmission of the finalised grisms
is considerably larger than the requirement of > 65%. The out-
of-band transmission is below 2% (Costille et al. 2018; Costille
et al. 2019a). Transmission in the O™ order was measured to be
2% on average; it is important for wavelength calibration to have
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Fig. 9. Variation of the passbands’ cut-on (left) and cut-off (right) wave-
lengths with field position. The grey squares in the background mark the
4x4 detector grid, with the sensor chip array (SCA) positions shown in
yellow. The white square shows the centre of the FOV, with its appli-
cable passband wavelengths listed in Table 1. Note: This is the view
from the sky towards the FPA, see Fig. A.1 for FPA coordinate system
details.

enough flux in this order, as it is a reference for wavelength cal-
ibration. The mean total spectral response of the 1%-order as
shown in the bottom of Fig. 7, as well as for the 0™-order, is

B Grating e ’
I Prism

Bandpass coating

Fig. 10. Schematic cross section of a NISP grism with the blazed disper-
sion grating (dark blue), the prism (light blue), and the passband filter
(yellow). Prism angle A, groove height H, and blaze angle S are listed
along other fundamental grism characteristics in Table 2.
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available online.’ The data include the contributions from the
mirrors, the dichroic, the grisms, the NI-OA, and the mean de-
tector quantum efficiency (QE).

The NISP spectroscopic performance at instrument level was
assessed during ground test campaigns in 2019 and 2020. A LED
light source combined with a Fabry-Perot etalon with =~ 34 trans-
mission peaks in each grism passband — its spectral energy distri-
bution represented in grey in the bottom of Fig. 7 — was used to
determine the spectroscopic dispersion of each grism. The mea-
sured NISP image quality is nearly diffraction-limited. The spec-
tral resolution of the grisms was measured to be 1.239 nm pixel ™!
for the blue grism BGS000, 1.372 nm pixel~! for the red grisms
RGS000, and —1.372nm pixel‘1 for RGS180. Here, the negative
sign shows that the the RGS180 disperses in the opposite direc-
tion of the RGS000. The NISP resolving power has a minimal
value along each spectrum of Rpg, > 400 and Rgg, > 480, en-
abling redshift measurements with an error o(z) < 0.001(1 + z).
These numbers for R are based on ground measurements, ex-
act values in flight will depend on the details of data reduction
and spectral extraction. A detailed analysis of the dependency
on wavelength, object size, etc. based on in-orbit data will be
presented in a future paper, an initial assessment based on simu-
lations is made in Euclid Collaboration: Gabarra et al. (2023).

Further tests of NISP were repeated at payload-module level,
with all of Euclid’s telescope mirrors and the dichroic in the light
path. These tests demonstrated an excellent telescope and that
the presence of these additional components — specifically the
dichroic beamsplitter — do not alter the excellent spectroscopic
performance.

That said, please note that NISP carries three red grisms (Ta-
ble 2). Owing to a coordinate system misunderstanding during
integration, the grisms were erroneously glued into their holding
structures rotated by 180°. While for the RGS000 and RGS180
grisms this only creates an inversion of the dispersion direction,
the tilted focal plane along RGS270’s dispersion direction means
that observations with the RGS270 are out of focus outside its
central wavelength. The RGS270 can therefore not be used for
spectrum overlap decontamination as was its original main pur-
pose. At the source this issue could only have been corrected by
producing a new set of grisms and grism holders. This would
have induced an estimated mission-delay of 1-2 years and posed
extra risk from dismantling the instrument as well as degrading
the initial integration that was outperforming expectations. In-
stead a procedure was developed without the RGS270, using the
RGS000 and RGS 180 grisms also with a 4° rotation of the GWA,
which was shown to be a functioning approach to decontaminate
spectral overlaps in the Euclid Wide Survey. Hence while along
with the other grisms the RG270 has been launched to maintain
spacecraft balance, it will not be used in the survey.

NISP-S blue grism is used to extend the lower redshift limit
for Ha to z=0.41. It will solely be used for observations of
the Euclid Deep and Auxiliary fields (Euclid Collaboration:
Scaramella et al. 2022), where multiple visits over time will ob-
serve these field at different orientation angles for overlap decon-
tamination. The main purpose of the blue grism is to provide a
large reference sample of galaxies with 99% redshift complete-
ness and 99% purity required to characterise the typical Euclid
galaxy population, and to maximise the legacy value of these
fields (Euclid Collaboration: Mellier et al. 2024).

As for the filters above (Sect. 3.3) the NISP grisms are se-
lected by rotating the GWA, and the same wheel positioning un-

5 https://euclid.esac.esa.int/msp/refdata/nisp/
NISP-SPECTRO-PASSBANDS-V1
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certainties apply. This has the consequence of inducing slight
angles of the dispersion direction with respect to the nominal ori-
entation. This angle can vary by a few 0°1 between observations
with the same grism, if the GWA has been moved in between.

3.5. Detector system and cold electronics

The 16 H2RGs in the NISP Detector System (DS) are shown to
the right in Fig. 1. Each detector is part of a sensor chip system
(SCS), delivered by NASA JPL, and is composed of three items
(Fig. 11, left panel).

First, the SCA is a Mercury Cadmium Telluride (MCT)
2048x2048 photodiode array hybridised to a H2RG readout-
integrated chip. The SCAs are designed and manufactured by
Teledyne Imaging Sensors. The long-wavelength cut-off was set
to 2.3 um by tuning the ratio of mercury to cadmium in the MCT.
This choice of cutoff reduces the total dark current to a negligi-
ble level <0.01 e~ s~! at the operating temperature of 100 K and
maintains the highest QE across the NISP wavelength range. A
total of 34 working SCAs were made and through a rigorous test
programme downselected to 16 flight models and 4 flight spares
(Bai et al. 2018; Waczynski et al. 2016).

Second, the SCE is a cold electronics package used to pro-
vide timing, biases, communications, and data conversion for the
operation of the SCA, as well as serving as an interface to the
NISP warm electronics.

The SCEs include an application-specific integrated circuit
(ASIC) termed the ‘SIDECAR’ (Loose et al. 2007) that was de-
veloped by Teledyne Imaging Systems. The design, construc-
tion, acceptance testing, and performance testing of the SCEs
were performed through a collaboration among NASA JPL,
NASA GSFC, and the larger NISP team, and are described in
Holmes et al. (2022). The flight units and flight spares were
tested in combination with non-flight SCAs. The units incorpo-
rated in the NISP flight detector system were selected from a
larger collection of constructed units based on their noise perfor-
mance and other characteristics.

Third, the cryo-flex cable (CFC) connects the SCA to the
SCE while keeping the thermal conductance between the 95 K
of the FPA and the 135 K of the cold electronics as low as possi-
ble. The measured thermal conductance is 0.85 mW K~! over the
range 135K to 95 K, well below the specification of 1.5 mW K~!
Holmes et al. (2019).

A detailed description of the detector chain as well as detec-
tor effects such as nonlinearity and persistence seen in the NISP
flight SCS triplets can be found in Barbier et al. (2018). The lat-
est results on inter-pixel capacitance, which is of the order of
0.6%, is reported for one flight SCS in Le Graét et al. (2022).

The H2RGs are arranged in a 4x4 mosaic as described and
displayed in Fig. A.1 in Appendix A. The SCEs are placed at the
back of the FPA, in each two rows of four at the top and bottom,
respectively. A picture of a single SCS is shown in Fig. 11 before
(left) and the 4x4 array after integration into the DS (right). The
array position numbering is indicated in Fig. 9.

The SCE flight firmware was delivered by Markury Scien-
tific and validated by NASA (Loose et al. 2003). The firmware
implements the science MACC modes and calibration modes,
such as the single-pixel reset along the pixel grid, while keeping
the power consumption within specifications.

To first order, the primary driver of the detector-chain sensi-
tivity performance for faint objects is the S/N. It is mainly driven
by the noise in the science acquisition modes, that is the noise of
the flux estimator — the combination of read-out hardware and
algorithm estimating the flux in each pixel from multiple reads

— in spectro- and photo-readout modes, and by the QE across
each passband. Table 3 summarises the main features of the FPA.
Noise properties for both photometry and spectroscopy modes
(Table 4) were measured during both testing of each SCA in
a joint campaign of the Centre de Physique des Particules de
Marseille (CPPM) and the Institut de Physique des 2 Infinis de
Lyon (IP2I) as well as the first thermal vacuum test at instrument
level at LAM. These extensive campaigns — each one month per
detector, and 1.5 months for the instrument as a whole — had the
overall goal to create a general characterisation of all detector
components, that would both allow to develop and test models,
e.g. for non-linearity and persistence effects, as well as to es-
tablish ground reference maps for dark current, read noise, dead
pixels, gain, and other parameters. These were being used for
initial work by the SGS as well as are providing a reference
for comparison of in-flight behaviour. During these measure-
ment campaigns also the standard MACC survey readout modes
planned for photometry and spectroscopy were implemented and
used (see Sect. 3.7.2 and Table 4), providing reference observa-
tions under various conditions for later comparison, as well as
for preparation of final operation parameters, testing of the on-
board data processing, and calibration activities.

Figure 12 shows the measured noise properties as well as
the wavelength-dependent QE, measured at NASA JPL as part
of a special characterisation campaign. The top panel shows the
excellent QE spectral response against a cold calibrated photodi-
ode, reported on the level reached by 95% of pixels. The centre
and bottom panel show the cumulative distribution of the spec-
tro and photo noise across all detector pixels for the 16 selected
flight SCS, obtained during ground testing at LAM.

With respect to other space missions the 2.3 um sensitivity
cutoff reduces some of the thermal background that would be
incurred with the more common 2.5 pm cutoff SCA used for ex-
ample in the JWST NIRCam. Aside from the near-optimal QE
— at 1 um slightly better than NIRCam — and low noise proper-
ties, what stands out about the NISP FPA is the sheer number of
detectors needed to populate the NISP focal plane. The 16 flight
detectors, and the batch of 29 detector they were selected from,
were drawn from a much larger set of H2RG that were actually
manufactured, but where many did not pass the rigorous require-
ments set for Euclid by ESA, NASA, and the NISP development
team.

The overall downselection and subsequent characterisation
were only possible by a substantial and automated unattended
testing effort with streamlined data analysis. The characterisa-
tion campaigns performed at the SCS level are described in Se-
croun et al. (2016) — as mentioned above, they alone were a con-
siderable effort with three months of testing in a row with two
cryostats, each cryostat testing two SCAs at a time. Nearly 1 PB
of ground characterisation data were taken for the 16 flight and
four spare SCS, which facilitates a deep understanding of vari-
ous detector effects.

3.6. Calibration source

The NISP calibration concept (see Sect. 4) requires the abil-
ity to measure the detector response and linearity pixel-by-pixel
both in the integrated instrument on ground as well as in-flight.
For this purpose the instrument has the NISP calibration unit
(NI-CU), a calibration lamp that directly illuminates the FPA
with one out of five custom-manufactured LEDs. Their peak-
emission wavelengths are distributed between 940 and 1870 nm
(at an operating temperature of 135 K; full description in Euclid
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Fig. 11. Left: SCS cold electronics triplet delivered by NASA, composed of the H2RG detector arrays (SCA), flex cable (CFC) and SCE SIDECAR
ASIC (Holmes et al. 2022). Right: Metrological measurements of the detectors mounted in their baffle.

Table 3. NISP detector chain performance.

Mosaic Position 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44
SCA 18XXX | 453 272 632 267 268 285 548 452 280 284 278 269 458 249 221 628
Ye-band 93 9 88 95 92 94 94 93 91 92 94 94 92 93 96 92
QE [%] Je-band 95 97 95 9 93 9% 95 95 93 94 95 95 96 94 98 95
H;-band 9% 98 95 97 94 96 9% 95 93 94 95 96 95 94 99 95
Noise [e-] Spectro 82 90 78 92 82 89 83 84 81 79 80 87 77 79 81 87
Photo 60 62 59 64 63 67 64 64 59 58 56 64 57 56 6.1 6.1
Disconnected pixels [#] 135 3223 589 252 313 2580 1512 146 1420 269 262 970 198 334 222 255

Notes. Detector chain performance of the Flight Model NISP focal plane, for all 16 SCS, identified by their SCA number. ‘Position’ refers to
position in the 4x4 array as defined in Fig. A.1, ‘QE’ is the quantum efficiency in the respective photometry passbands, with an absolute accuracy
of 5% (Waczynski et al. 2016). ‘Noise’ is the read noise in the standard survey MACC modes for photometry and spectroscopy. ‘Disconnected
pixels’ gives the number of pixels per detector that do not produce a signal due to a missing or faulty indium bump. If not specified then values

given are medians over the array.

Collaboration: Hormuth et al. 2024), with their emission charac-
teristics shown in the upper panel of Fig. 7.

Each of the LEDs has a comparatively narrow emission spec-
trum over a well-defined wavelength range. Their advantage over
traditional incandescent tungsten lamps is that that their spec-
tral temperature-dependence is extremely small: for example,
NISP’s nonlinearity calibration requires the capability to shine
light at different fluences onto the detector. To use a single tung-
sten lamp for various brightness levels, one would vary the cur-
rent flowing through the filament, which would dissipate more
heat, change its temperature, and therefore would have shifted
the central black-body wavelength. This is not the case with
LEDs, where the wavelength is solely given by the semiconduc-
tor band gap, as opposed to blackbody emission. There is a neg-
ligibly small temperature dependence of the emitted spectrum,
much smaller than for a tungsten element. At the same time op-
erating the LEDs leads to minimal energy dissipation facilitating
a stable thermal equilibrium.

Inside NI-CU, at each point in time any one of the five LED
can be operated, by the same power source in the warm elec-
tronics (Sect. 3.7), but not several LEDs simultaneously. When
operated, an LED illuminates a common central 3 mm X 3.5 mm
oval reflective patch of space-grade Spectralon, a porous poly-
tetrafluoroethylene (PTFE) plastic. Spectralon is a commonly
used, near-perfect diffusive Lambertian reflector, owed to mul-
tiple internal scattering of light inside its several millimetre high
body. The reflector patch in turn directly illuminates the FPA
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with a field footprint shaped by five consecutive baffles along
NI-CU (Fig. 13).

NI-CU is mounted off-axis, next to CoLA (see Fig. 1), that
is it illuminates the FPA directly, bypassing all optical elements
including the filters. Hence NI-CU’s purpose is not to calibrate
the NISP Y;, J;, and H;; passbands, but solely the detector re-
sponse. A mapping to detector properties within a specific pass-
band takes place by combining calibration images from one or
several LEDs with the QE maps obtained on ground (top panel
of Fig. 12).

The combination of Euclid’s off-axis optical system and
NI-CU’s placement in the instrument results in an angle between
the axis from NI-CU to the FPA and the FPA surface normal of
~ 12°. To improve uniformity in the illumination of the FPA, the
Spectralon patch is tilted by ~30° with respect to NI-CU’s cen-
tral axis, tilting the Lambertian emission cone. The resulting flux
homogeneity across the FPA is ~ 12%, providing similar flux and
thus S/N for all pixels. Any large-scale variations that might be
imprinted on the data by NI-CU or the telescope optics itself are
captured by a photometric flat calculated from dithered on-sky
data (Sect. 4).

NI-CU contains two sets of LEDs, one nominal, one redun-
dant, connected to the corresponding sides of the NISP warm
electronics power supply and control units (Sect. 3.7). They are
operated in a pulsed mode with a constant frequency but vari-
able pulse width (pulse-width modulation, PWM), and variable
current. The pulse width can be varied between 5% and 50%
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duty cycle, the current between typically 10 mA and maximally
100 mA, providing a dynamic range of > 100 in fluence yet
safely away from the upper operational limits that might reduce
the LEDs lifetime, and away from very small currents and duty
cycles that are difficult to drive while guaranteeing stability. As
a result NI-CU can provide very stable illumination levels over
typical exposures of at least ~100s, at fluence rates between
~15ph~!' s7! pixel™! and > 1500 ph~' s~! pixel~!, for all LEDs.
All but one LED channel has a stability rating for drive cur-
rents > 10 mA for linearity calibration to less than 0.2% linear
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Fig. 12. Top: Wavelength-dependent QE of the 16 flight SCA, 5-
percentile values measured at NASA (95% of pixels have at least this
QE). Centre+bottom: Noise cumulative distribution of the 16 flight
triplet SCS. Black points are the 5, 50, and 95 percentiles of the cu-
mulative distribution. SCS and SCS are identified by their SCA number
18XXX as in Table 3.

drift and remaining ~ 0.1% RMS after removal of the linear drift
component over 1200 s. NI-CU can and is being used with a cur-
rent as low as 1 mA, but at the price of lower stability, below
a current of 10 mA the temporal drift of the power supply and
hence LED fluence can increase proportionally.

Even though NI-CU’s illumination levels and illumination
pattern will be quite stable over time, due to the mechanical and
optical design, a temporally perfectly fixed illumination pattern
on the FPA and a fixed absolute flux per given PWM and current
setting is not guaranteed, and illumination patterns can in princi-
ple show small differences between the five LEDs. NISP’s cali-
bration approach is designed correspondingly, assuming varying
photon fluences and variable illumination patterns.®

3.7. Warm electronics

The NISP warm electronics is a system composed of the In-
strument Control Unit (ICU) and two identical Data Processing
Units (DPUs), operating at ~ 293 K. The DPUs handle the raw-
data acquisition of the NISP FPA — the exposure start times of
the 16 detectors are synchronised to better than 10 ns — the on-
board processing, the compression, and the transmission to the
spacecraft’s Mass Memory Unit (MMU). The warm electronics
units in their flight configuration are shown in Fig. 14.

Each DPU hosts eight DCUs that pre-process independently
and in parallel the SCEs’ live data stream; three radiation-
tolerant class-S CPU boards (Maxwell”™ 3xSCS750F®-PPC)
with a 400 MHz clock error detection running the VxWorks 5.1
real-time operative system; memory banks that consist of error-
logging SDRAM of 256 MB (Reed-Solomon protected), non-

6 Absolute calibration lamps with perfectly known fluence levels at
each time from internal information are a chicken-and-egg problem, re-
quiring calibration of the fluence levels with an extra device like a pho-
todiode, which itself needs a calibration mechanism. NISP has therefore
decoupled small-scale spatial calibration (LED flatfields), large-scale
calibration (on-sky data), and absolute calibration (celestial reference
source).

Fig. 13. Flight model of the calibration source NI-CU before integration
into NISP. Two supply harnesses can be seen, feeding the nominal and
redundant side, respectively, of NI-CU with each 5 LEDs emitting at
different wavelengths. Inside the base any LED illuminates the same
PTFE reflector patch that in turn directly illuminates the FPA, with a
field shaped by a set of five baffles, the last one visible at the top. The
full NI-CU height is approximately 150 mm.
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volatile E2PROM of 8 MB (Error Correction Code protected),
a transit data buffer board of 6 GB, and a 127 MB Space Wire
router board; and a power-supply board.

All boards inside each DPU — besides the DCUs — have a
‘cold’-redundant counterpart, and three central processing unit
boards. The latter work jointly but in case of a failure the
DPU could also work with only two of three. Each DPU is
equipped with two communication interfaces: a 1553 MILBUS
I/F for receiving telecommands with a maximum rate of 1 Hz
(~512bit) and transmitting telemetry with a maximum rate of
40Hz (~ 18kbit) with the ICU, and a Space Wire I/F for the
science data stream, internally connecting with the DCUs, and
externally with Euclid’s MMU (Medinaceli et al. 2020).

Fig. 14. NISP Warm Electronics: the identical DPUs can be seen on the
top of the picture, while the ICU is located at the centre (right) of the so-
called Spacecraft Y panel. Image courtesy Airbus Defence and Space

3.7.1. Command structure

The NISP warm electronics comprises two different systems that
are located in the warm environment of the SVM - the ICU
for main control, and the DPUs for data handling. The ICU to-
gether with its on-board application software orchestrates the
NISP operations, controls the NISP wheels and the calibration-
unit electronics (Sect. 3.6), and regulates the heating elements
within NISP based on the readings of various thermal sensors
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(Sect. 3.7.3). The ICU interfaces with the two DPUs that each
synchronously command half of the focal plane. It also pro-
vides the main commanding interface with the satellite, receiv-
ing telecommands from and sending telemetry data to the space-
craft. Data from the FPAs flows to the DCUs, then to the DPUs
for processing and compression, and from there to the MMU.
The ICU has two identical sections, one nominal and one redun-
dant, connected with the corresponding versions of the wheel
motors, NI-CU LEDs, and NISP thermal control. Either one can
be operated at a time, following a full ‘cold’ redundancy scheme
where always one section is fully ‘off” and has to be explicitly
activated when needed, by switching off one side and starting the
other.

3.7.2. Detector read-out and processing

NISP detectors have a nominal frame rate of 1.45408s. While
Euclid already has a large data-downlink budget, it still does not
permit to downlink every observed frame. NISP’s standard ref-
erence observing sequence (ROS), that is used in both the Wide
and Deep Surveys, consists of the repetition of four dithers, each
made of one spectroscopic exposure of about 549.6 s of integra-
tion time followed by three consecutive photometric exposures
of 87.2 s integration time each (Table 4; full description in Euclid
Collaboration: Scaramella et al. 2022). For NISP transmitting
each read frame would represent an accumulated data volume
of ~ 20 Tbit per day — factors of many beyond NISP’s available
downlink budget of 290 Gbit/day for NISP.

To reduce the amount of data to an acceptable volume while
minimising the exposure read-noise, the DPUs perform on-board
data processing to estimate photons — or rather charge — accumu-
lated in the pixels during each exposure (see Bonoli et al. 2016).
For this purpose NISP detectors acquire data through a MACC
sampling scheme, using non-destructive readout. A number of
groups g each consists of several consecutively read-out frames
r that are averaged by the DCU. Between groups, a number d of
frames is ‘dropped’ — that is not read out — while integration of
photons continues. The MACC parameters used in the ROS for
the spectroscopy and photometry channels are shown in Table 4.

Table 4. Read-out parameters for spectroscopy and photometry in the
reference observing sequence (ROS).

g r d fing [8] Texp [s]
Spectroscopy | 15 16 11 | 549.6 5744
Photometry 4 16 4 87.2 1120

Notes. MACC(g,r,d) mode parameters for spectroscopy and photome-
try in the ROS. Here g is the number of groups in the slope fit, r the
number of reads per group, and d the number of drops after each but
the last group. Both grisms use the same MACC settings, as do all three
photometry bands. For both MACC modes the integration time #, (ef-
fective time accumulating light; the time relevant for science) and expo-
sure time f.,, (total duration of frame including one reset frame before
start of charge integration; the time relevant for exposure planning) are
given, using the frame duration of 1.45408 s.

At the end of the exposure, the DPU corrects each averaged
group for the detector baseline offset (Sect. 4.1.1) based on the
group average of the un-illuminated reference pixels. It then es-
timates for each pixel a signal slope through a straight-line least-
square fit to the averaged group differences, that is the signal
between consecutive groups, which optimally reduces the read-
out and shot noise (Kubik et al. 2016). This value — with a fixed
digital offset of 1024 ADU added — is downlinked to ground.
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In addition to estimating the accumulated signal, the DPU
evaluates a statistical quality factor of the fit (see Kubik et al.
2016). In case of the spectroscopic mode this quality factor is
an 8-bit y? integer value, and for photometry mode it is a 1-
bit flag. It provides feedback whether a pixel had the expected
near linear response during the exposure, enabling the on-ground
processing pipeline to detect spurious events like cosmic-ray hits
or random telegraph noise (Kohley et al. 2018), as well as pixels
often characterised by high non-linearity.

Intrinsic non-linear effects in pixels e.g. for very bright ob-
jects are corrected on ground with a correction lookup table. This
is used to map fitted slope to intrinsic slope if the response were
perfectly linear. This non-linearity information is calibrated with
dedicated observations (Sect. 4.1.8).

The processing times for photometric and spectroscopic ex-
posures were evaluated from ground test campaigns to be of the
order of 7 s and 14 s per detector, respectively (Medinaceli et al.
2022), where each DPU processes 8 detectors in sequence.

After onboard processing, both the science data and quality-
factor data are compressed with a loss-less Rice compression al-
gorithm’ (Rice & Plaunt 1971; Pence et al. 2009) adapted to the
DPU application software by enforcing the required coding stan-
dards and test procedures. Data are then packaged with headers
and detector telemetry to be sent to the MMU. The compression
factor for the science images varies from 2.8 to 3.4 depending on
the exposure mode. The mean size of a nominal NISP dither with
one NISP-S and three NISP-P exposures is about 378 MB, or
about 31 + 3 GB/day for 20 ROS pointings of four dithers each.
These 248 Gbit/day fit with some margin into the NISP’s allo-
cated downlink data volume of 290 Gbit/day.

3.7.3. NISP Thermal Control

The thermal design of NISP is based on a double passive radiator
system to provide the main temperature references for the NISP
opto-mechanical system and detector system. The first radia-
tor provides a ~ 130K heat-sink for the structure, optics, cryo-
motors, and the SCE cold electronics. The second colder radiator
sets the reference temperature for the infrared detectors at about
95 K. The thermal interfaces have been designed to achieve a
thermal stability of +2 K throughout the mission, allowing to sta-
bilise the optics to much better than that. Specifically for the de-
tector radiator interface, an even stricter requirement is in place,
mandating a temperature fluctuation of less than +0.1 K over a
period of 3 hours, and less than +4 mK over 1210s, about the
duration of a nominal dither. From a radiative perspective, NISP
is situated within the Euclid instrument’s cavity, where temper-
atures range from 130K to 135 K. This environment is charac-
terised by surfaces all having an emissivity greater than 0.9, a
specification driven by optical requirements.

To achieve the designated thermal performance, the NISP
thermal management system is made up of a set of thermal sen-
sors, a heating system, and an multi-layer insulation (MLI) blan-
ket. The thermal sensors use 12 PT100 thermistors, six located
on the mechanical structure, and each two on the cryo-motors,
the SCE thermal straps, and on the FPA. The thermistors are read
by the ICU, and their value reported in the NISP housekeeping
telemetry. In addition to thermal sensors the system contains two
heaters, installed near the optics on the NISP structure, func-
tioning in an open-loop configuration to supply the necessary
power to maintain the target temperature. Finally, the instrument

7 The RiceComp routine from NASA’s CFITSIO library(5) is available
athttps://heasarc.gsfc.nasa.gov/fitsio/fitsio.html

is wrapped in a six-layer, black-coated MLI blanket to isolate the
inner instrument from the external radiative environment.

Preliminary data, collected during the Euclid in-flight perfor-
mance verification phase, indicate that NISP temperatures can be
stable at the level of 2 mK (RMS) for the optics and 1 mK for the
NISP focal plane during steady-state operations.

3.7.4. Contingency and recovery

NISP has multiple levels of fault detection encoded in its warm
electronics, to take safety measures autonomously when needed
in order to protect the instrument at all times and in all situations.
The ICU continuously monitors instrument telemetry data in-
cluding telemetry from the detectors sent by the DPU. In case of
deviations with respect to expectations it triggers the instrument-
level Fault Detection, Isolation and Recovery (FDIR), changing
NISP’s operation state depending on the severity and location of
the incident.

The DPU application software again monitors any potential
DPU anomalies, including all DPU subsystems and the NISP
FPA. In case of a detected anomaly it can change the instrument
operational mode to SAFE, powering off the FPA, or PARKED,
disabling the FPA commanding capability but leaving it pow-
ered on. These operations are done autonomously and indepen-
dently by each DPU, while signalling the anomalies to the ICU
through alarms and housekeeping parameters. The ICU trans-
mits the anomaly status to the spacecraft and sets NISP’s result-
ing operation mode according to the criticality of the anomaly.

The DPUs have all of the hardware failure modes, ef-
fects, and the specification of the criticality-analysis for all its
subsystem-hardware encoded in its FDIR system, and are able
to consider each detector chain independently. The event sig-
nalling and isolation is performed by the application software.
The FDIR system covers anomalies in temperature, currents and
voltages exceeding thresholds of all hardware components, as
well as memory upsets. Also the main processes managed by
the DPU software implement several FDIR checks based on pro-
grammable watchdog systems, used for the monitoring of the
correct operations and especially timing of the dynamical pro-
cessing chain. This means it constantly tests if the relative timing
of image exposure, science data collection, science data process-
ing, and science data product transmission to the MMU work
out. Additionally, as mentioned above, both the ICU and DPU
have cold-redundancy counterparts. Thus we can independently
switch from the nominal to the redundant side of the ICU and
DPU chain in case anomalies are detected, at full functionality.

4. Calibration approach

The instrumental and data-processing capabilities of NISP flow
down from the required FOV and depth. Together, they facil-
itate an efficient coverage of the targeted 14000 deg® down to
24.0 AB mag — which led to the instrument design as just de-
scribed — but at the same time set requirements on accuracy. At a
higher level these requirements differ for the two NISP channels,
but also affect the same properties, for example in the common
NISP detector system.

For NISP-P the main requirement is a relative photomet-
ric accuracy of 1.5% in the fully processed and calibrated data.
NISP-S must achieve a relative spectrophotometric accuracy of
0.7%, and a wavelength accuracy of 5 A or 0.3 NISP pixel any-
where in the FPA. Both channels need accurate distortion cor-
rection on the order of 0"/ 1: first, for the unambiguous matching
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with the VIS astrometric reference system, which in turn is based
on Gaia (Gaia Collaboration: Prusti et al. 2016); second, for the
decontamination of the overlapping spectra orders in the slitless
spectroscopy exposures.

A total of 31 calibration products are defined for NISP that
are maintained during flight, in addition to further calibration
and characterisation files — such as QE — that could only be gen-
erated on ground. Calibrating the VIS and NISP instruments and
the telescope is a complex task with a substantial number of de-
pendencies and limitations set by (i) the spacecraft, (ii) the in-
struments’ hardware, (iii) the instruments’ on-board processing
capabilities, (iv) the data-downlink volume, and (v) timescales of
spacecraft degradation by space weathering and molecular out-
gassing (Euclid Collaboration: Schirmer et al. 2023).

Within the scope of this paper we provide an overview of
the principal effects and the calibration strategies. The associ-
ated calibration products can be divided into three categories:
those that are common to both channels, and those that are in-
dividual to NISP-P and NISP-S. Calibration products were up-
dated during the initial performance verification (PV) phase that
followed commissioning and extended over three months. Those
calibration products that we consider to likely evolve over time
are monitored with appropriate cadences. The stability of the
other calibration products can be assessed with regular in-flight
science and calibration data, and corrective actions taken if nec-
essary. Concrete results from the PV phase will be reported else-
where.

4.1. Calibration products common to NISP-P and NISP-S

Common calibration products apply mostly to the detector level
and the read-out electronics. They are independent of the illu-
mination provided by the NISP optics. The following calibration
products are either used to monitor evolution of detector proper-
ties, or are applied to data in the Euclid SGS data pipeline.

4.1.1. Detector baseline

The baseline is a bias value set for each pixel after reset. Ref-
erence and science pixels have respective pedestals of about 5.5
and 10 kADU, to ensure that the pixels operate in the linear range
of the analogue-digital chain and to encompass the large varia-
tion across pixels. The available dynamic range is reduced ac-
cordingly. The baseline has a temperature dependence of about
—120 ADUK™!, was redetermined for each pixel during com-
missioning once the detectors stabilised to their actual in-flight
temperatures, and once more during PV. The baseline is esti-
mated from 512 reference pixels per read-out channel for every
MACC exposure and automatically removed by the onboard pro-
cessing before the ramp-fitting process. Baseline instabilities are
monitored using regular dark and flat-field calibration frames.

4.1.2. Dark current

The dark current for the NISP detectors is very low with
~0.02e~ 57! pixel™!, requiring hundreds of exposures for a high-
S/N measurement. The goal of the dark maps is to characterise
dark current levels and to identify warm and hot pixels that need
to be masked. Dark maps were obtained during PV at a time
when persistence charges (Sect. 4.1.5) had decayed, and are sub-
tracted from the science data in the pipeline.

Monitoring of hot pixels is provided by so-called ‘slew
darks’, one of which is taken every 1.5h during the slews from
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one survey field to the next. Slew darks are affected by persis-
tence charge from the previous exposure history.

4.1.3. Detector cross-talk

Cross-talk is caused within the detector as well as the detector
electronics. The amplitudes inferred on ground are on the order
of 0.001%, meaning that cross-talk is detectable only for satu-
rated field stars. Intra-chip cross-talk between readout-channels,
as well as cross-talk between detectors, are determined from in-
flight observations of bright stars. Victim pixels are masked if
the cross-talk flux violates the relative photometric accuracy re-
quirement.

4.1.4. Interpixel capacitance (IPC)

IPC is a localised form of electronic cross-talk that is indepen-
dent of wavelength. Prior to read-out, it spreads charge from the
pixel in which it was collected to the adjacent pixels because of
the capacitive coupling between pixels. IPC broadens the PSF
and smooths the Poisson noise, and hence must be corrected be-
fore determining for example the gain. The IPC is expected to
change very little over time. It is temperature-dependent, though,
and was therefore determined once the detectors reached their
stable in-flight temperature (for more details see Le Graét et al.
2022). It can be evaluated by measuring the cross-talk when
charge is artificially injected in a pre-defined pattern of pixels,
enabled by a special calibration feature implemented in the NISP
detectors.

4.1.5. Persistence

Persistence is an achromatic effect caused by charge traps in
the detector. The traps remove photo-electrons from the read-
out of the current exposure and release them over time in an
exponentially decaying manner, leading to ghost images in sub-
sequent exposures (Smith et al. 2008). NISP ground and in-flight
data show visible persistence signals from previous observa-
tions. This applies most visibly to spectroscopy traces in sub-
sequent photometry images, but also vice versa. The amount of
persistence depends on the number density and types of charge
traps, its illumination history, and it is also considerably differ-
ent below and above full-well saturation. We adopt a simple per-
sistence model where each pixel is characterised by two time
constants representative for short- and long-duration traps, and
a persistence amplitude that scales with the local trap density.
Based on the fluence of a pixel in an exposure the model then
determines for how long — that is for how many subsequent ex-
posures — that pixel needs to be masked; a time that can easily
exceed several hours.

A more complex persistence model would account for the
illumination history, that is bright objects falling on the same
pixel in several exposures. Whether that pixel would be masked
in a future exposure could then also depend on whether it falls
on a bright or a faint source, the latter being relatively more af-
fected. This will be considered at a later time when more expe-
rience is available with the in-flight system. We might consider
actual pixel-level correction rather than masking, depending on
whether high-quality persistence models can be built.

We assume that the time constants and amplitudes are stable
over time as the detectors are radiation-hard and receive a total
dose of only 2.5 krad during the mission. Therefore, persistence
is characterised during the PV phase by flat-field illumination
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followed by several hours of short- and long dark exposures, cap-
turing both time constants as well as amplitudes. The persistence
model can be validated with every single survey exposure.

4.1.6. LED flats

The NISP detectors can be illuminated directly with the five
LEDs in the NI-CU calibration source, bypassing all optical el-
ements. These LED images — or lamp flats — provide a nearly
monochromatic illumination that is uniform to better than 0.2%
on spatial scales of < 100 pixel. They are taken on a monthly ba-
sis to compute effective flat fields for the NISP-P and NISP-S
modes (Sects. 4.2.3 and 4.3.5).

4.1.7. Brighter-fatter effect

The brighter-fatter effect (BFE) is caused by the increasing elec-
trostatic field in a pixel as it accumulates photo-electrons. The
changing field strength shifts the effective pixel boundaries in the
sense that newly created photo-electrons are pushed into neigh-
bouring pixels. The FWHM of stars, which would be indepen-
dent of source flux for a perfect detector and only determined
by the optics, therefore increases with brightness. The BFE is
measurable over large parts of the dynamic range, and it is not
fully flux-conserving. The BFE also affects the pixel variance in
flat fields, and is characterised from LED flats with different flu-
ences. A more in-depth description can be found in Plazas et al.
(2018) and Hirata & Choi (2019).

4.1.8. Nonlinearity

The measured signal in a H2RG pixel is increasingly nonlinear
with increasing charge-filling level of that pixel, independent of
wavelength. To calibrate this nonlinearity, we illuminate the de-
tectors with the calibration lamp while obtaining MACC ramps;
the filter wheel is closed during these observations, so that only
flux from the lamps is observed. Contrary to nominal science ob-
servations, where the slope-fit to the individual MACC group im-
ages is obtained on-board and downlinked (Sect. 3.7), we down-
link the individual group images. Nonlinearity manifests as a de-
viation from the expected linear trend in the increasing fluence of
the group images as they approach saturation. The data volume
exceeds the nominal telemetry budget, so that this calibration
has to be obtained for two detectors at a time instead of all 16
detectors simultaneously.

The MACC(4,16,4) and MACC(15,16,11) modes for stan-
dard photometry and spectroscopy observations (Table 4) pro-
vide four and 15 group images, respectively, meaning that the
dynamic range would be sparsely sampled with just a sin-
gle LED flux level. Therefore we observe five different LED
flux levels, and obtain independent nonlinearity calibrations
for both photometry and spectroscopy readout modes for ev-
ery pixel. Nonlinearity calibrations are obtained on a monthly
basis, with a full set achieved every four and six months for
MACC(4,16,4) and MACC(15,16,11), respectively. We note that
BFE (Sect. 4.1.7), IPC (Sect. 4.1.4), persistence (Sect. 4.1.5),
and reciprocity failure (Sect. 4.1.9) are also forms of nonlinear-
ity, calibrated separately.

4.1.9. Reciprocity failure

Reciprocity failure is a flux-dependent nonlinearity caused by
charge trapping; as such it is related to persistence (Sect. 4.1.5).

A brighter source will fill — and thus passivate — charge traps in
a pixel more quickly than a fainter source, therefore resulting in
earlier linear pixel response. We expect this flux nonlinearity to
be independent of wavelength, an assumption to be verified with
the PV data. There, we observed the same stellar field in differ-
ent filters first without and then with increasingly higher addi-
tional flux from the calibration lamps. The measured fluxes of
the same sources without and with additional LED background
then carry the reciprocity-failure signal. This means we can only
sparsely sample the detectors, and only an average correction
can be achieved instead of a pixel-based correction such as in
Sect. 4.1.8. During the nominal mission, reciprocity failure will
be calibrated on a yearly basis as we expect only a slow evolution
of the charge-trap density due to radiation damage (Sect. 4.1.5).

4.1.10. Other sources of noise

Two other effects with potential impact on calibration are 1/f-
noise, and hits by cosmic rays and impact of space weather in
general. While future work might model and reduce 1/f-noise,
simulations show that no bias is expected on NISP photometry
from 1/f-noise (Jiménez Muioz et al. 2021). A quantitative de-
scription of the space weather conditions that Euclid is experi-
encing and their impact on NISP, including hits by cosmic rays,
will be the subject of a forthcoming publication.

4.2. Calibration products specific to NISP-P
4.2.1. Absolute flux calibration

For absolute flux calibration we observed the white dwarf (WD)
standard star J175318+644502 (J; = 18.56 AB mag) in the self-
calibration field. This star was identified by us using available
multi-colour photometry and long-term photometric monitoring,
using among others Pan-STARRS, Gaia, and the Zwicky Tran-
sient Factory (ZTF). The star was spectroscopically confirmed
as a WD by us using the Gemini Multi-Object Spectrograph
(GMOS). We excluded considerable short-term variability on
time-scales of about 100s—1000s using fast photometry with
GMOS. Accordingly, this star is stable to better than 1% from
time scales of 45 s to several years. The data we have collected
for various Euclid spectrophotometric WD standard stars will be
discussed in a different paper.

The WD was placed on 16 positions per detector. To estab-
lish the absolute flux scale we obtained accurate Hubble Space
Telescope (HST) imaging and spectroscopic flux measurements
of this star — and several others which will be observed period-
ically in the Euclid Deep Fields as validation — with the Wide-
Field Camera 3 (WFC3) and Space Telescope Imaging Spectro-
graph (STIS) at optical and near-infrared wavelengths (Proposal
16702, cycle 29: PI. P. Appleton, and Proposal 17442, cycle 31,
PI: S. Deustua). Hence the NISP-P absolute photometry is based
on a very well-understood photometric reference system.®

4.2.2. Astrometry and optical distortions

The astrometric solution is based on a VIS astrometric reference
catalogue for every survey field, which in turn is based on highly
reliable Gaia (Gaia Collaboration: Prusti et al. 2016) data. The
absolute positions of NISP-P sources must be known to better
than 0”1, which is easily achievable using the VIS/Gaia refer-
ence catalogue for every single exposure. The latter is important,

8 The VIS instrument in Euclid uses the same standard star.
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as the filters carry optical power and the filter wheel has an in-
trinsic positioning RMS of about 0215, leading to a nontrivial
change in optical field distortion between exposures.

4.2.3. Small-scale flats

To correct for pixel-response non-uniformity (PRNU) in the Y;,
Je and H; images we use a weighted combination of the vari-
ous LED flats (Sect. 4.1.6). The weighting factors are determined
by the spectral energy distribution (SED) of the zodiacal back-
ground and the detectors’ QE maps. These flats will correct any
PRNU effects to better than 0.2%. However, since the LED flats
have a Lambertian profile, the FPA corners receive about 10%
less flux than the centre of the FPA. The zero point (ZP) in the
flat-fielded images varies accordingly, which is corrected by ad-
ditional photometric flats (Sect. 4.2.4).

4.2.4. Photometric flat

While Euclid’s optics are essentially free of vignetting, apodisa-
tion may cause additional spatial variations of several percent in
the illumination. These will result in a change of the ZP across
the FPA. By observing the self-calibration field with a special
pattern of 60 dither positions we can measure how the fluxes of
individual sources vary as they are imaged onto different parts
of the FPA. From this information we then compute a photomet-
ric flat (see e.g. Holmes et al. 2012) to correct any large-scale
illumination non-uniformities to better than 0.5%.

4.2.5. Straylight and ghosting

During PV phase we validated the straylight models by placing
very bright stars (J; ~0-2 AB mag) at increasingly smaller dis-
tances outside the FPA corners and edges. We also measured the
positions of ghost images caused by internal double reflections
in the dichroic element and the filters, and built suitable mod-
els for masking. Ghost images are masked once they exceed a
certain surface brightness.

4.3. Calibration products specific to NISP-S
4.3.1. Absolute flux calibration

For absolute flux calibration during the PV phase, we observed
the WD standard star GRW+70 (J; =14.33 AB mag) from the
HST CALSPEC database on 5 positions per detector and per
grism. Mean sensitivity functions — one for the blue and four for
each red grism/grism tilt combination — are calculated based on
the observations. The density of field sources around this star
is fairly low so that clean slitless spectra that are not contam-
inated by other sources could be observed. Once the absolute
flux scale is established, no more observations are required as
any throughput variations are monitored by the monthly self-
calibration observations. The absolute flux scale will be further
validated by observations of other spectrophotometric standards
over the course of the mission, as well as monitoring relative flux
changes using the self-calibration field.

4.3.2. Dichroic ghost model

As for NISP-P, the dichroic-ghost model must be validated for
NISP-S, so that affected pixels can be masked. The mapping
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from bright source positions to ghost positions is given by a ray-
tracing model and can be validated with every on-sky exposure.

4.3.3. 0-th order SED dependence

The Oth order in the spectra is an important reference point for
the wavelength solution, and it is double-peaked for two reasons.
First, the prism in the grism has some dispersive power even in
the Oth order, resulting in a 10 pixel long spectrum of the Oth
order. Second, the grating is blazed for a specific wavelength,
maximising the number of photons for that wavelength in the
Ist order and minimising it in the Oth order. The double-peaked
shape also has some field dependence.

The reference Oth-order position for wavelength calibration
is given by the mean of the two peak positions, which depend
on the SED of the source. The main impact of the source SED
is to change the ratio of the 2 peaks, and therefore the inferred
mean value. The effect is expected to be at the level of one pixel
and below. The calibration will be built up as the Euclid Wide
Survey grows and sources with very different SEDs are mapped
at different positions in the focal plane.

4.3.4. Wavelength calibration

Determining the dispersion law of NISP-S involves a complex
calibration during the PV phase consisting of several steps: (i)
a mapping from the astrometric sky as defined by VIS to the
Oth order position in the NISP-S dispersed images; (ii) an offset
from the Oth order position to a reference wavelength in the 1st
order; (iii) the spatial curvature of the spectral trace; and (iv) the
nonlinear wavelength dispersion within the 1st order. The cal-
ibrated spectral distortion laws consist of fourth-degree Cheby-
shev polynomials to each of these mappings as a function of field
position. The wavelength dispersion itself is measured using the
emission lines of a point-like planetary nebula (PN; Euclid Col-
laboration: Paterson et al. 2023, see also Fig. 15). We expect the
wavelength calibration to be stable and will check it after one
year into the survey by observing the PN once more. Further-
more, we transfer the PN-based wavelength solution to stellar
absorption-line systems in the self-calibration field, so monthly
consistency checks are possible.

4.3.5. Flat-fielding

Like NISP-P, the slitless spectroscopy channel must also be cor-
rected for PRNU (Sect. 4.2.3) and large-scale illumination ef-
fects (Sect. 4.2.4). The corresponding pixel-correction maps will
be built in an analogous fashion. For each grism’s transmission
band a flatfield map will be built for three different wavelengths,
to be subsequently combined.

5. NISP performance

Euclid was launched on 1 July 2023 and during the initial com-
missioning and performance verification phases a first assess-
ment of the instrument’s performance was carried out. Overall
the pre-launch predictions and expectations are met or exceeded.
NISP is producing excellent data in both channels, as is illus-
trated in Fig. 15 and shown for NISP-P imaging in Fig. 16 and
NISP-S spectroscopy in Fig. 17.
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Fig. 15. NISP-S grism slitless spectroscopy mode. Left: NISP-P colour-composite image of the planetary nebula (PN) SMC-SMP-20 (Euclid
Collaboration: Paterson et al. 2023), observed during the PV phase for wavelength calibration. The PN is located at the image centre; with a
diameter of 0”740 it appears unresolved. Right: Raw NISP-S 2D-spectrogram of the same area, the photometry field is sketched again with a green
box. Each horizontal stripes is a spectrogram of a bright object. Small dots between these spectrograms are mostly cosmic rays hitting the detector.
The PN can easily be identified in the 2D-spectrogram by the distinct emission lines above a weak continuum; it has been colourised for emphasis.
The zoom below repeats the 2D-spectrum together with the extracted 1d-spectrum. Identified emission lines are marked. We note that the direction
of the wavelength axis will differ on the sky depending on the specific grism used. The visible strong Pa emission in Yg-band and the Paa line in
the Hg-band lend a distinct purple colour to the PN and its prominent diffraction ring in the image on the left.

5.1. PSF

The NISP PSF as measured on-sky is very compact, with ini-
tial estimates of the 50% and 80% encircled-energy radii rEE50
and rEE80 of 0721-027 and 0737-0"/55, respectively, as shown
in Fig. 18 (for photometry) and tabulated for both channels in
Table 5. As expected, both rEE5S0 and rEE80 are larger after
projection onto the detector than the pure optical component at
960 nm measured in the lab (Fig. 6): (i) The Y;-band has a central
wavelength of 1081 nm (see Table 1 and Euclid Collaboration:
Schirmer et al. 2022), ~ 13% longer than the lab reference, and
hence produces a PSF also 13% wider, given that the optical PSF
is practically diffraction limited (Sect. 3.2.7). (ii) In flight the
pointing jitter by the spacecraft amounts to ~ 35 mas, which di-
rectly broadens every image. (iii) On top come the effects of IPC
(Sect. 4.1.4), which additionally broadens the PSF upon readout,
most pronounced for the steep centre, and (iv) BFE (Sect. 4.1.7),
which broadens the PSF more for brighter stars. Overall the PSF
measured on the FPA is consistent with a diffraction-limited im-
age delivered by the NISP optics.

We note that the NISP pixels (0”/3) strongly undersample the
PSF. However, a reference NISP-P PSF (Fig. 19) and encircled-
energy curves in full resolution have been derived by mod-

Table 5. Initial NISP in-flight performance estimates.

Filter rEE50 rEE80 FWHM ZP Lim. sens.
Y: 0722 0737 0735 2495 24.6
Ji 0724 07745 07734 25.19 246
H; 07727 07’55 0735 25.11 245
BG; 0721 - - - N.A.
RG, 0724 - - - ~2x10716

Notes. Initial in-flight estimates of PSF 50% and 80% energy radii, PSF
FWHM, AB-mag zeropoints (for 1 e~ s™!), and limiting sensitivities for
the three photometric and two spectroscopic passbands of NISP, where
available. Photometry sensitivity is given in AB-mag for So-detections
of point-sources using a model fit. For red grism spectroscopy this is a
3.50-detection of a point-source line with a putative width of one reso-
lution elements that is two pixels of each 13.4 A, given in ergs™' cm™'.
For the blue grism a limiting sensitivity was not yet available. Both
throughputs and limiting sensitivities are snapshots at the time of writ-
ing and might change over time as both the instruments and image re-
duction pipeline evolve.

elling ~ 1400 unsaturated stars from 76 different exposures with
Gauss-Laguerre shapelet vectors (Massey & Refregier 2005), us-
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Fig. 16. Quality of the NISP imaging channel. Shown is a 3’0 x 3’0 wide area in the self-calibration field. The depth corresponds to that of the
Euclid Deep Survey, that is about 26.3 AB mag for 50 point sources, achieved in 3.7 h integration time per filter. For this composite we mapped
the Hg, Ji, and Yg-passbands to RGB colour channels. (Near) saturated stars appear with characteristic spikes and diffraction rings differing in size
as a function of wavelength. The Euclid Deep Survey will in total cover about 53 deg?, more than 20 000x the area shown here.

ing 6-fold subsampling per pixel. The PSF has a small trefoil
component stemming from the Euclid primary mirror, resulting
in the visible slightly triangular shape.

5.2. Zero point and sensitivity

A first assessment of the in-flight ZPs is given in Table 5. For
photometry they are within 0.1 mag from the pre-launch zero-
points derived in Euclid Collaboration: Schirmer et al. (2022).
This includes a detector gain estimate that shows slight variation
between different detector areas, with values between ~ 1.9 and
2.0e~ ADU™! (Secroun et al. 2018). Preliminary S/N = 5 limit-
ing sensitivities for point sources in the three passbands were
calculated using PV data and are listed in Table 5. They are
averages over a ROS pointing footprint, where the majority of
area has a depth of either 3 (~40%), 4 (~42%), or even >4
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(~ 8%) individual dither exposures, using the standard S-dither
pattern (see Sect. 4 of Euclid Collaboration: Scaramella et al.
2022). These are 0.1 mag to 0.3 mag fainter than the earlier pre-
dictions for limiting sensitivities listed in (Euclid Collaboration:
Scaramella et al. 2022), and these initial in-flight ZP and depth
values demonstrate that NISP’s throughput and sensitivity are as
expected.

For spectroscopy, the initial estimates for the red grism
also conform with expectations and requirements. The
3.5 0 point-source sensitivity for emission lines lies around
2x107 1% erg s~! cm™!, for integration of a line width of two reso-
lution elements of each 13.4 A.

We note that both throughputs and limiting sensitivities are
snapshots of the system at the time of writing based on data
taken during the PV phase and will change with both an evolving
spacecraft and SGS data reduction pipeline.
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Fig. 17. Quality of the NISP spectroscopy channel. Shown are three ob-
jects observed with the NISP red grism. From top: star of spectral type
K2, QSO at redshift z = 2, and a z = 1.008 galaxy. The black lines are
NISP spectra combined from four exposures of one ROS (4x549.65),
i.e. the Euclid wide survey depth. The coloured lines are shown for il-
lustration purposes — they are models fits to the data with object types
and redshift as calculated by the NISP spectroscopic pipeline.

5.3. Optical ghosting

As for all optical systems with refractive elements, NISP shows
‘ghost’ images from multiple reflections in different parts, as
well as reflections from outside the nominal light path towards
the FPA. These arise in different situations, and depending on
their nature require different treatment in data reduction.

5.3.1. Dichroic ghost

The dichroic ghost images are caused by a double reflection in-
side the dichroic beamsplitter. They are doughnut-shaped, show-
ing the central obstruction by the secondary mirror (Fig. 20). The
images are very weak, with a ghost ratio — that is the ratio f; be-
tween the total flux of a bright star and the ghost — of 3 x 1078,
This has the consequence that dichroic ghosts are only appar-
ent for very bright saturated stars. The strength of the ghosts
decreases with wavelength, that is they are brightest in H; and
faintest in Y.

We model the position of the ghosts with respect to their
stars with a third-degree 2D-polynomial. The angular size of the
ghosts is constant as a function of position, but increases with the
brightness of the star. The diameter is ~5”. The surface bright-
ness of the ghosts is highly variable across the FOV and thus
they cannot be subtracted; we mask them when they violate the
relative photometry requirements of faint galaxies.

5.3.2. Filter ghosts

Filter ghosts are considerably brighter than the dichroic ghost
images. They are caused by a double-reflection between the pla-
nar and curved side of the NISP filters. Their images are approx-
imately circular, with a characteristic cusp caustic in their cen-
tre (Fig. 20) that could be mistaken for an extragalactic source.
The size of the filter ghosts is ~7—-12"and depends on the posi-
tion in the FOV. As for the dichroic, their relative position with
respect to the bright stars is modelled with a third-degree 2D-
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Fig. 18. Modelled encircled energy (EE) of the Euclid NISP PSF in the
three photometry channels, from data observed in the self-calibration
field during the PV phase, and based on simplified PSF models. Shown
is the cumulative EE of point sources as a function of radius from the
objects’ centre. The three colours are curves for the Yz-band (green),
Je-band (orange), and He-band (blue). For each passband there is one
line for each of the 16 detectors in the FPA, in each case describing the
mean detector EE curve — which is very similar for all detectors — and an

overall average. Vertical lines mark the radius encircling 50% (rEE50)
and 80% (rEE80) of the the total flux.

polynomial as a function of star position. Separate models are
required for each NISP filter. The ghosts must be masked as for
dichroic ghost images.

Any other reflections between optical surfaces inside NISP
become very large in area once they reach the focal plane. Their
surface brightness is therefore so low that they are not recognis-
able even for the brightest stars (4 mag AB) allowed inside the
FOV.

5.3.3. Reflections on mechanical parts

Ghost images also occur when short streaks or glints are created
by bright stars falling onto reflective spots just outside the de-
tectors. In case of baffle edges, bright streaks of about 1 arcmin
appear in the corners or along the edges of the FOV (Fig. 21).
They are considerably brighter than the dichroic and filter ghosts
and must be masked in all cases.

5.3.4. Reflections on NI-OA

Large and complex caustic-shaped reflections occur for very
bright stars due to multiple reflections within NI-OA (Fig. 22).
The optical surfaces involved have not yet been identified. The
star and its ghosts are diametrically opposite the centre of the
FPA. The ghost’s morphology and strength are highly dependent
on the star’s position, necessitating ray-tracing for the masking
models. At this point we can likely rule out an involvement of
the detector surfaces, as these ghosts also appear when the star
moves into the gap between detectors.
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Fig. 19. NISP-P example PSF in the Hg-passband. This shows an ini-
tial shapelet reconstruction based on ~ 1400 unsaturated point sources,
on a 6x oversampled grid (0705) compared to the native NISP pixel
sampling. Clearly visible is the trefoil component that is present in all
NISP images as well as VIS. A 6-fold spike pattern becomes visible for
brighter point sources towards or beyond saturation.

5.3.5. Persistence ghosts from wheel actuations

The last characteristic features in NISP images are bright arcs
with a curvature radius of approximately 1.7 arcmin, running
through the centres of very bright stars (Fig. 20). These are
caused when NISP switches between filter and grism observa-
tions. Since NISP does not have a separate shutter, bright-star
images fall on the detector while the wheels are moving. Since
both filters and grisms carry optical power, the images move on
the detector plane while the wheels rotate. The ghosts are either
focused and of high surface brightness, or defocused and diffuse
and of low surface brightness. They also need to be masked. A
model for them still is still in development.

6. Operational flexibility and limits

Euclid is not a classical observatory such as HST or JWST, but
by design of its operation closer to an experiment with a very
constrained but often-repeated set of observations. The Euclid
Wide and Deep Surveys will consist of basically 50000 identi-
cal observations, the ROS, just at different positions on the sky.
Executed once per field on the sky for the Wide Survey, many
times for the Deep Fields.

This repetitive nature of survey activities allowed the design
of two more robust and accurate instruments, but led to a limited
flexibility in commanding NISP. In the following we discuss the
commanding and hardware limits — mainly to manage expecta-
tions and options for what kind of other programmes could be
possible with NISP in the future, in case that time-slots were to
become available during idle periods of survey operations, or af-
ter the surveys are completed. Neither is guaranteed, and specific
calls would provide much more detailed options and constraints
in due time.
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Fig. 20. Appearance of the common optical ghosts in a NISP Yg-band
image. The bright star has about 8.7 AB mag in the 2MASS J-band.
Most other linear features — vertical or near-vertical — are persistence
effects from preceding spectroscopic exposures.

Lead times: Overall, planning cycles are long and observa-
tions have a long lead time, of at least 4 weeks, and are limited by
the need to design, approve, and upload commanding sequences.
Any non-standard observations would in addition require sub-
stantial individual vetting and testing in order to not run into any
instrumental limits of onboard processing, storage capacity, data
rate, or interference with the VIS instrument’s operations. Euclid
is best for surveys and not suited for example for rapid-response
target-of-opportunity observations.

Standard and non-standard operation modes: Euclid sci-
ence operation and calibration has been optimised for the stan-
dard ROS observing modes. For NISP this is the MACC readout
mode with several groups of read images that are averaged, and
then a slope is fit to these values to derive a count-rate of signal
in each pixel. Effectively only the slope value and a value for the
quality of the slope fit is linked down.

As mentioned already in Sect. 4 there are also other modes
that are not used for science, but regularly for calibration or
were used for diagnostics during initial commissioning. These
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Fig. 21. Glints in NISP images, when a bright star falls onto the edge
(top panel) or near the corner (bottom) of the baffle just outside the FPA.
The red line marks the edges of the detectors.

include a mode downlinking not the fitted slope but the value
of each group. For a standard spectroscopy observation using
MACC(15,16,11) this would provide 15 datapoints instead of
one.

Even more information can be obtained with a ‘engineering
raw mode’, which could read and downlink all group-average
frames of a MACC observation, not just the fitted slope. For
the ROS there is even a routine downlink of up to five individ-
ual rows for each read of each detector, as a diagnostic if non-
nominal behaviour is observed for an exposure, and for monitor-
ing of the FPA properties over time.

Using non-ROS or non-standard modes for science is in
principle feasible, but requires substantial work beforehand: For
each non-ROS configuration the timing of commanding, timing
of data processing and internal transfer, data storage buffer sizes,
data downlink rates, and many other dependencies have to be
simulated on ground, and be planned in conjunction with VIS
and overall Euclid operations and commanding. For example en-
gineering raw-mode observations can usually only be done for
single detectors at a time instead of 16 in the FPA due to sheer
data volume. MACC observations with fewer than 16 reads per
group could bring on-board data processing to its limits, for ex-
ample by violating timing constraints.

Aside from this, corresponding calibration data are routinely
only created for ROS data. This means any non-ROS MACC
or other non-standard observing modes need their own plan to
create required calibration data and concepts. It is unlikely that
a simple scaling from ROS calibration to other observing modes
can be achieved beyond a rather low level of accuracy.

So while other than ROS MACC-mode options exist, they
can be quite complex to implement. They also depend on re-
sources on ground that are not always guaranteed.

Bright and faint limits: Further core constraints interest-
ing beyond Euclid’s surveys are NISP’s observational bright and
faint limits. An imaging ROS MACC(4,16,14) will start saturat-
ing for ~16.0 AB mag point sources, differing by ~ 0.3 mag be-
tween passbands due to different levels of undersampling, and
with some variation across the FOV. Something that is ulti-
mately fixed for NISP is the frame time: each read will take a
fixed 1.45408s, set by the read-out clocks. For shorter expo-
sures one will therefore have to consider other MACC param-
eters. From the architecture of the warm electronics, the shortest
integration possible with NISP is a MACC(2,1,1) exposure, that
is two groups of one frame each, with one dropped frame in the
middle. This corresponds to an integration time of #,; = 2.91s.
For photometry the point-source saturation limit would then be
~3.6 mag brighter than for a standard MACC(4,16,4), around
12.0mag—-12.5 mag. This is a hard bright limit for NISP pho-
tometry for the full FOV and using standard observing modes.
Corresponding limits apply when using a grism.

Long exposures are constrained by the maximal allowed
number of 15 groups and 16 reads per group. Even though there
is no limit on the number of dropped frames, there is a maxi-
mal duration of a spacecraft pointing of 50 min due to repoint-
ing slots of Euclid’s high-gain antenna (see Sect. 3.3.1. of Eu-
clid Collaboration: Mellier et al. 2024). At some point it will be
more efficient to simply obtain several subsequent exposures at
the same location, especially given non-zero backgrounds that
are adding up over time. If the telescope is slightly dithered in
between then this will also aid cosmic ray rejection. This is the
approach of the Euclid Deep Survey with up to ~ 50 ROS obser-
vations per sky location.

Time-resolution: The second interesting parameter is the
potential time-resolution of NISP data. As just stated, the short-
est regular observation is tj,, = 2.91s. At this exposure time up
to seven exposures can be recorded in direct succession — with an
extra reset frame before each of these exposures — and then after
a buffer time of 3 s the next block of seven. With the engineering
raw mode a MACC(15,1,1) can be programmed, that downlinks
each of the 15 single ‘group’ frames, each followed by a dropped
frame. Here every other frame is read and downlinked — but, as
noted, owing to the data volume only for a single detector instead
of 16. Hence this in principle also provides an option for shorter
exposures of 1.45408 s and cadence of 2.91 s, for 15 frames, but
for a much smaller area on the sky. At this point it seems un-
likely that Euclid and NISP with their explicit survey focus will
provide substantially improved capabilities over other facilities.

7. Summary and outlook

Euclid has launched and NISP is working at L2 as envisioned.
NISP’s performance is excellent, in both spectroscopy and imag-
ing channels, and the instrument will create two unprecedented
datasets that will be the new standard for NIR data for decades
to come. Post-launch expectations for Euclid are an operational
lifetime of substantially longer than the nominal 6-year survey,
possibly up to ten years in total.

As Euclid was launched not too long from the Solar maxi-
mum, NISP will experience most of its exposure to Solar cosmic
rays rather early in its operational lifetime, but the impact will be
small. All of the optics are resistant to radiation, as are the detec-
tors, which are expected to degrade very little. A formal 5% loss
in QE is budgeted for NISP’s performance, but the actual impact
is expected to be substantially less.

NISP operations cover both nominal survey operations as
well as regular calibration observations to update and improve
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Fig. 22. The centre two detector rows, showing examples of large point-source caustics. The bright star at the bottom-left edge causes a pair of
concentric arcs in the upper-right detector, diametrically opposite the centre of the FOV. Characteristically, the caustics’ symmetry axes do not

point to the star, but at a 90° angle to it.

calibration products, and to monitor any evolutionary effects. In
addition there will be options for ‘decontamination’ periods, in
case too much water outgassing from the various Euclid compo-
nents deposits onto mirrors, or NISP’s lenses or FPA. The latter
is the coldest part of the instrument and specifically prone to
ice deposition. Plans for a brief partial warmup of Euclid are in
place and have already been executed, which can be repeated
when needed.

All this provides the prospect of excellent data during Eu-
clid’s wide and deep surveys, and potentially beyond. Despite its
undersampling of the PSF, NISP is an enormous advance from
any previous near-infrared instrument capability currently avail-
able. Only the combination of field area and very high through-
put of telescope and instrument make it possible to carry out
the planned surveys, for which HST or JWST would take more
than 100 years. All of NISP’s data will be released to the public
in regular intervals along the mission timeline,’ calibrated and
ready to use for any astrophysical project — and for anyone in the
world.
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Appendix A: NISP focal plane layout

NISP’s focal plane array (FPA) and detector system (DS) comprises the 16 sensor chip systems (SCS) in a 4x4 array, each being
a triplet of sensor chip array (SCA), sensor chip electronics (SCE), connected by a cryo flex cable (CFC). In order to associate the
positions of these SCS, with their properties listed in Table 3 and shown in Fig. 12, and with data products created by NISP, we
show two versions of the physical layout of the FPA: Fig. A.1 is the layout as looking from the sky or NISP optics towards the FPA,
Fig. A.2 is the reverse view, the FPA as it would appear projected onto the sky.

Both versions show the same information, the SCA positions from 11 to 44 in the FPA detector mosaic, which can also be found
in headers of all FITS files associated with detector-based data products created by NISP. Also indicated are the frame orientations
for each SCA in the physical ‘R-MOSAIC’ coordinate system, with units in mm. Each SCA has its own pixel coordinate system:
light-sensitive pixels range from 4 to 2043 in each of the two dimensions (xsca.Ysca), With count starting at 0. Rows/columns 0-3
and 2044-2047 contain reference pixels that are not sensitive to light. Note that the SCA-coordinate system orientation is rotated
by 180° between the upper and lower 8 detectors. The black square for each detector marks the physical location of pixel (4,4), the
black circle of pixel (2043.4) in the ‘R-MOSAIC’ coordinate system.

On the side the R-MOSAIC physical coordinate system (Yyosaic,ZMosalc), using units of mm, is shown for reference.

NISP detector layout as seen from NI-CaLA
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Fig. A.1. Layout of the NISP FPA, orientated as looking towards the FPA from the sky and NISP optics. Shown are the positions 11 to 44 of the
SCS in the focal plane mosaic (see Table 3), the origin point and orientation of the physical R-MOSAIC coordinate system, as well as the pixel
coordinate system for each of the SCA detectors. For the latter please note the 180° rotation between the upper and lower half of detectors. For a
view towards the sky see Fig. A.2.
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NISP detector layout as projected onto the sky
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Fig. A.2. Layout of the NISP FPA, orientated as looking towards the sky. Shown are the positions 11 to 44 of the SCS in the focal plane mosaic
(see Table 3), the origin point and orientation of the physical R-MOSAIC coordinate system, as well as the pixel coordinate system for each of the
SCA detectors. For the latter please note the 180° rotation between the upper and lower half of detectors. For a view from the sky towards the FPA
see Fig. A.1. An internal definition of a position angle value of zero would rotate this view on the sky so that North is upwards and East is to the
left.
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