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ABSTRACT

The near-infrared calibration unit (NI-CU) onboard Euclid’s Near-Infrared Spectrometer and Photometer (NISP) is the first astronomical calibra-
tion lamp based on light-emitting diodes (LEDs) to be operated in space. Euclid is a mission in ESA’s ‘Cosmic Vision 2015–2025’ framework, to
explore the dark universe and provide a next-level characterisation of the nature of gravitation, dark matter, and dark energy. Calibrating photomet-
ric and spectrometric measurements of galaxies to better than 1.5% accuracy in a survey homogeneously mapping ∼ 14 000 deg2 of extragalactic
sky requires a very detailed characterisation of near-infrared (NIR) detector properties, as well their constant monitoring in flight. To cover two of
the main contributions – relative pixel-to-pixel sensitivity and non-linearity characteristics – as well as support other calibration activities, NI-CU
was designed to provide spatially approximately homogeneous (< 12% variations) and temporally stable illumination (0.1%–0.2% over 1200 s)
over the NISP detector plane, with minimal power consumption and energy dissipation. NI-CU is covers the spectral range ∼ [900,1900] nm – at
cryo-operating temperature – at 5 fixed independent wavelengths to capture wavelength-dependent behaviour of the detectors, with fluence over a
dynamic range of ≳ 100 from ∼ 15 ph s−1 pixel−1 to > 1500 ph s−1 pixel−1. For this functionality, NI-CU is based on LEDs. We describe the rationale
behind the decision and design process, describe the challenges in sourcing the right LEDs, as well as the qualification process and lessons learned.
We also provide a description of the completed NI-CU, its capabilities and performance as well as its limits. NI-CU has been integrated into NISP
and the Euclid satellite, and since Euclid’s launch in July 2023 has started supporting survey operations.

Key words. Astronomical instrumentation, methods and techniques – Space vehicles: instruments – Instrumentation: photometers – Instrumen-
tation: spectrographs – Infrared: general

1. Introduction: Cosmology and Euclid’s
instrumental capabilities

ESA’s Euclid mission is setting out to provide a much better un-
derstanding of the nature of gravitation, dark matter, and dark
energy (Laureijs et al. 2011; Euclid Collaboration: Mellier et al.
2024). Euclid will employ a number of probes, weak lensing,
baryon acoustic oscillations, and others, to measure the expan-
sion history of the Universe and to map the structure forma-
tion across cosmic time (Euclid Collaboration: Mellier et al.
2024; Amendola et al. 2018), in a celestial survey covering
∼ 14 000 deg2, more than a third of the total sky (Euclid Col-
laboration: Scaramella et al. 2022). By observing structural and
spectral information of more than 1 billion galaxies over this area
in a survey over 6 years, Euclid will provide both a major next
step in cosmology, as well as produce an unrivalled database for
structure and photometry of cosmic objects in the visible and
NIR, unlikely to be surpassed at least in the next three decades
(Euclid Collaboration: Scaramella et al. 2022).

To reach the required surface number density of galaxies,
shape measurements are needed for galaxies to a brightness of
24.5 mag (AB, 10σ point sources) in the visible, with redshifts
being derived down to point-source limits of at least 24.0 mag
(AB) in the NIR, to be combined with matched external ground-
based photometry at shorter wavelength. A similar-level NIR
photometric sensitivity requirement arose from baryon acoustic
oscillation galaxy clustering science. To extract accurate spectro-
scopic redshifts for galaxy clustering NIR spectroscopy needs to
reach a flux limit ≤ 2×10−16 erg cm−2 s−1 at 3.5σ for any emis-
sion line at 1600 nm from a 0 .′′5 diameter source.

Euclid was designed to carry a payload that is capable
to deliver this. The spacecraft consists of a 1.20 m telescope
aperture feeding three instrumental modes: a wide-field, visi-
ble wavelength, high-fidelity imaging instrument (VIS; Crop-

⋆ e-mail: jahnke@mpia.de

per et al. 2018; Euclid Collaboration: Cropper et al. 2024), as
well as a multi-passband photometer and a slitless spectrometer
– combined into the Near-Infrared Spectrometer and Photome-
ter (NISP, Maciaszek et al. 2022; Euclid Collaboration: Jahnke
et al. 2024). NISP will provide both spectroscopic redshifts di-
rectly, and contribute the required NIR passbands to photometric
redshifts.

All cosmological probes require not only large numbers of
galaxies, but also extremely accurate data about galaxy shapes,
as well as distances. Therefore the observed data have to be pho-
tometrically and spectrophotometrically calibrated, in order to
provide the required accuracy in colours, spectral energy dis-
tributions, or derived quantities like redshifts. In this paper we
describe the background, design, manufacturing, testing, as well
as the actual performance of the near-infrared calibration unit
(NI-CU) inside NISP. NI-CU has the function to facilitate cali-
bration and monitoring of the 16 NIR detectors in NISP’s focal
plane, with respect to their relative pixel-to-pixel sensitivity vari-
ations (=‘small-scale flatfield’), non-linear pixel response, and
other aspects.

In this article we aim at providing crucial reference and back-
ground information for astronomers and engineers alike, moti-
vating NI-CU’s design and describing its capabilities and lim-
its. Following this brief primer on Euclid and an intro to NISP,
we describe the underlying requirements driving NI-CU’s design
(Sect. 2), the process of finding suitable LEDs and the challenges
involved using them for the first time in a space-based astronom-
ical calibration lamp (Sect. 3). We follow with the derived final
NI-CU design (Sect. 4), information about manufacturing and
testing (Sect. 5), and the performance and limits of the result-
ing flight hardware (Sect. 6). We close with Sect. 7, reflecting
on the whole development process and collect lessons learned,
both from a technical as well as a managerial point of view, and
provide thoughts on potential improvements that other projects
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working on a similar LED-based calibration approach could con-
sider.

2. NISP and its calibration unit NI-CU: requirements
and design

2.1. The NISP instrument: design and calibration approach

Following Euclid’s goals, the resulting instrumental requirement
specifications and driver for the subsequent design of NISP were
two-fold:

– The galaxy clustering probe required spectroscopy-based
redshift measurements of emission-line galaxies out to red-
shift z ∼ 2, i.e. in the NIR, at spectral resolution R ≳ 250
for 1′′ sized galaxies. For this, slitless NIR spectroscopy was
found to be the most efficient approach to cover large areas
on the sky with a high multiplexing factor, using grisms with
different relative orientation angles to reduce confusion of
line identification for overlapping adjacent objects.

– As part of the weak-lensing probe, photometric redshifts
over the survey area of 14 000 deg2 and also out to redshifts
z ∼ 2 required a combination of deep (ground-based) visi-
ble light passbands, and three NIR passbands between ∼ 0.95
and 2 µm, that required to be observed from space to reach
the brightness limit and area in finite time.

The combination of these probes into one NIR instrument
set the basic design principle of changeable optical elements in a
single light path towards a single detector system, as well as ob-
servations in parallel with VIS, whose light would be reflected
off with a dichroic beam-splitter before entering NISP. The de-
tails of NISP’s layout and characteristics are laid out in Maci-
aszek et al. (2016, 2022) and Euclid Collaboration: Jahnke et al.
(2024), but in order to motivate the calibration source design de-
cisions below, a short summary is needed.

NISP uses a lens-based optic (Grupp et al. 2012; Euclid Col-
laboration: Jahnke et al. 2024) to focus the light beam entering
the instrument from the dichroic element, through a passband
filter or a grism onto the detector array.

It is required to provide three changeable passband filters and
two types of grisms, one of which to be observed in multiple ori-
entations of dispersion direction. As a result NISP contains a ro-
tatable filter wheel assembly (FWA) with five positions, three fil-
ters YE, JE, and HE (Euclid Collaboration: Schirmer et al. 2022),
and a light-tight closed position for dark exposures. The fifth po-
sition is open to transmit light towards the grism wheel assembly
(GWA), also with five positions. Aside from an open position to
let light from imaging mode pass, the wheel contains one ‘blue’
grism (BGE) and three versions of the ‘red’ grism (RGE) in dif-
ferent orientations (Costille et al. 2019; Maciaszek et al. 2022).
Both FWA and GWA are encased in a light-tight enclosure. A
corrector and a camera optic before and after the wheels are re-
sponsible to properly image the light onto the focal plane.

NISP’s focal plane array (FPA) consists of 16 Hawaii2RG
detectors (Secroun et al. 2016) in a 4×4 grid. The FPA is located
at around ∼ 700 mm distance from the last lens. Importantly,
both optics and FPA are operating at cryo-temperatures, ∼ 135 K
and ∼ 95 K, respectively. These temperatures are reached by pas-
sive cooling through radiators on the spacecraft, to remove all
heat that is generated in the detectors and their read-out elec-
tronics on one side, and the wheel motors and the calibration
light source on the other.

Together with some heaters, these elements provide a rather
stable optical and electronic system that, jointly with a survey

Fig. 1. NISP flight model before wrapping in light-tight multi-layer in-
sulation. The left side contains the optics with encased filter- and grism-
wheel assembly, the right side the detector array and read-out electron-
ics. The black-coated NI-CU calibration unit, mounted just next to the
optics, has been outlined in blue for better visibility.

that provides an only weakly varying orientation angle towards
the Sun, can rely on operating in a narrow temperature range.

Apart from a required high sensitivity of the FPA detectors,
the top-level requirement is that of a 1.5 % relative photomet-
ric accuracy for NISP photometric observations – the core re-
quirement driving the design of the NISP calibration source NI-
CU, as described in the following. In the case of vanishing Pois-
son shot noise – of hypothetical astronomical infinite signal-to-
noise sources on the sky – the derived photometric flux of such a
source across all regions of the survey and over time should not
vary more than 1.5 %. This includes every aspect of spatial and
temporal variations of the filter passband, potentially effects of
degrading optics, but also all properties of the detectors: contri-
butions of a baseline bias, dark current, charge persistence, non-
linearity, brighter-fatter-effect, crosstalk, and spatial and tempo-
ral variations of the quantum efficiency (QE), i.e. the flat-field.
Since all these contributions and spatial and temporal variations
are or at least could be non-zero, they have to be characterised,
and calibrated across the survey duration. The overall calibration
framework for Euclid instruments is rather complex and will be
described in a comprehensive review in the future. A description
of all NISP components, NISP performance, and initial overview
over calibration can be found in Euclid Collaboration: Jahnke
et al. (2024).

2.2. NI-CU requirement origin and description

To reach the functionalities above, a driving aspect for NI-CU
was on one side to calibrate the pixel-to-pixel flatfield of the 16
detectors, meaning the relative QE or sensitivity of all pixels as a
function of wavelength. The second requirement was to provide
light for linearity calibration. Meaning that in the NISP detec-
tor operating mode of ‘multi-accumulate’ up-the-ramp sampling
the increasing amount of charge in a pixel could create a devi-
ation from a constant slope in mapping of incidence photons to
read-out countrate at the low and/or high end. This was to be cal-
ibrated with the calibration source as well. Both were supposed
to be achieved by combining NI-CU in-flight use with data from
NI-CU and other measurements in the lab before flight.
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Initial design considerations of NI-CU covered different op-
tions regarding its location in the NISP optical train, with impli-
cations for its scope, capabilities, as well as resulting technical
challenges: At some point it became clear that it would not be
practical or even possible to illuminate the detectors along the
optical path of the instrument in order to shine light also through
the NIR-filters. Impractical, because any light-source would nei-
ther have a flat intensity over the whole wavelength range nor an
intensity distribution resembling any particular celestial source.
In any case there was no compelling reason to include a light-
path through the filters, since the goal was to calibrate the detec-
tors, not the (very stable) filters. An illumination of the detector
system along NISP’s optical path was also seen as almost im-
possible, as it would have either led to vignetting of the science
beam by the calibration source, or would have required the use
of a mechanism to move the calibration source into and out of
the beam for calibration use, adding major complexity and risk.1
An early version of the calibration source up to development
phase A (∼2011) still had such an approach in place, including
fibres illuminated by integration spheres that contained tungsten
lamps as light sources. This optical design was discarded due to
its complexity, while LEDs as alternatives to tungsten filaments
were considered early on.

The scientific requirements for the NISP detector calibra-
tion were broken down into corresponding functional and perfor-
mance requirements for NI-CU. The primary requirement was
to provide relative and small-scale flatfield calibration of the de-
tector array, therefore excluding any effects related to the tele-
scope or NISP instrument optics. ‘Relative’ here indicates that
any kind of absolute photometric calibration of the instrument
was not within its scope,2 and ‘small-scale’ describes that pixel-
to-pixel sensitivity variations over a few 100 pixels distance are
to be calibrated, not large scale changes over e.g. a full detec-
tor. The latter is handled by a ‘self-calibration’ approach using
survey data.

The handover scale of ∼ 100 pixels was motivated by the
view that with a constant illumination neighbouring pixels would
see the same number of photons – within the shot noise – and
hence their resulting signal levels would then be a measure of
relative sensitivity. A perfectly ‘flat’ illumination over the full
FPA would obviously take care of all pixels at the same time,
but this is very challenging to achieve, both from artificial light
sources or celestial references. Hence the pixel-to-pixel sensi-
tivity variations were enabled by the assumption of only locally
constant illumination levels over ∼ 100 pixel patches, with the
large-scale tie in delegated to use of celestial objects. This scale
was both in reach for a calibration light source, as well as not too
small for the use of self-calibration.

It was further required to illuminate the detector at five
discrete, narrow-band wavelengths and at five different illu-
mination levels ranging from 4.3 × 1010 ph s−1 m−2 to at least
4.3 × 1011 ph s−1 m−2 in the detector plane, corresponding to

1 The whole NISP instrument has only two mechanisms, each one ro-
tating the filter- and grism-wheel.
2 Absolute photometric calibration of detectors just from an on-board
lamp is extremely challenging as it is fundamentally a ‘chicken-and-
egg’ problem: any such system using an internal lamp would have to
also calibrate the lamp’s behaviour over time, which in turn requires a
calibration system that demonstrably does not drift in sensitivity itself
(see discussion in Sect. 7.3.1). As is the case for NISP, most missions
hence combine relative sensitivity calibration with externally-calibrated
photometric standard objects in the sky, observed during the operations,
to put an instrument’s sensitivity on an absolute scale.

∼ 15–150 ph s−1 pixel−1,3 with an accuracy and reproducibility
of 10%. This was to be achieved at least at any time during
the nominal 6.5 years of mission duration. The reproducibility
was mainly meant to be able to predict and properly command
count rates on the detectors in flight, not as an absolute cali-
bration requirement. Actual wavelengths did not have to corre-
spond to the bandpasses of the NISP filters, but were to cover the
NISP wavelength range of 900–2000 nm in a more or less evenly
spaced manner to enable interpolation of calibration data to any
desired wavelength and hence passband. The target bandwidth
of each illumination channel was required to be in the range of
10–200 nm, therefore effectively ruling out the use of laser diode
type emitters – too narrow emission – or tungsten filaments – too
wide emission – without additional bandpass filters.

To reduce straylight and therefore the potential for difficult
to predict inhomogeneous illumination of the detector, the maxi-
mum permitted light intensity at any point outside of the detector
area was restricted to 10% of the average flux inside the detec-
tor area. Together with an appropriate design of the calibration
source’s illumination and baffeling approach this was required in
order to achieve a maximum peak-to-valley large-scale illumina-
tion non-uniformity of ∼ 10% over the full detector array – for
reasons of homogeneous signal-to-noise in calibration exposures
– while assuming that large-scale throughput variations e.g. by
the optics are properly characterised by the self-calibration ap-
proach.

To achieve the goal of small-scale flatfield calibration, spa-
tial uniformity was required to be better than 0.1% ultimately
defined to apply for any 1 mm scale (∼ 55 pixels) in the detec-
tor plane, rendering the design sensitive to caustics or specu-
lar reflections on e.g. sharp edges. The small-scale homogeneity
would make sure that by design no such sharp illumination fea-
tures should be present, permitting the assumption that pixels
located close to each other would indeed see the same illumina-
tion.

Temporal stability requirements for the generated illumina-
tion levels applied after a grace period or warmup-time of 180s
after setting the required flux level. These were specified as a
maximum linear drift of 0.2% over a 1200 s period, and a max-
imum RMS fluctuation of 0.3% after removal of the linear drift
component. This was mainly motivated by the typical timescales
on which calibration sequences were to be performed.

It was not required to operate more than one wavelength
channel at the same time. A non-activated channel was restricted
to emit less than 500 ph s−1 at any time due to e.g. driver leakage
currents or pickup of electromagnetic interference. This corre-
sponds to less than 0.001 ph s−1 per pixel over the course of a
100 s calibration exposure, i.e. a fully negligible yet technically
feasible level. Each channel was required to fulfil all these re-
quirements for a total operation time of more than 800 hours,
including more than 30 000 changes of the illumination level,
operating at typically 130–140 K and after having survived the
mechanical loads of the launch and transfer to the final satel-
lite position. As a last requirement, the calibration unit had to be
able to provide sufficient diagnostic data or signals to assess its
system health.

3 These were the original requirements, with a dynamic range of 10.
The design later converged towards the ability for also substantially
higher fluences, and the resulting dynamic range is now being used in
calibration.

Article number, page 4 of 21



Euclid Collaboration: F. Hormuth et al.: Euclid. IV. The NISP Calibration Unit

2.3. NI-CU design decisions

Based on these requirements, three major initial design decisions
were taken at the start of NI-CU development:

– Location of NI-CU (position in instrument, relative orienta-
tion to detector),

– illumination principle (optics, straylight avoidance), and
– type of light source (narrow-band vs. broadband source with

additional bandpass filters) and control principle.

The location of NI-CU had to be chosen at a suitable distance
from the detector plane in order to meet the large-scale unifor-
mity requirement at a reasonable technical effort. At the same
time any obstruction of the nominal light path of the instrument
itself was not permitted. As the finished NISP instrument is en-
shrouded in a black Kapton envelope, the only available position
was inside the instrument on the so-called panel P1, next to the
optical corrector-lens assembly (see Maciaszek et al. 2022). This
location provided an in principle unobstructed off-axis view4 of
the full detector array at a distance of ∼ 60 cm. The resulting lo-
cation of NI-CU in the assembled NISP flight model is shown in
Fig. 1.

With a direct view of the detector, the decision on the illumi-
nation principle centred on whether to use one or more point-like
sources. Limited space and requirements on robustness made the
use of integrating spheres and optical fibres less appealing. In ad-
dition, the large-scale uniformity requirement of ∼ 10% proved
difficult to meet with a simple point source at the given distance
from the FPA and array size. A solution that combined simplic-
ity, small volume and sufficient mixing of all wavelength into a
single point of origin while meeting the flux level requirement
was found in using a small piece of optical diffuser material
with a Lambertian scattering profile. An optimised and innova-
tive choice of size and orientation of this diffuser is a central part
of the design work – this is described in detail in Sect. 4.

Regarding the light-source, the minimum full width at half
maximum (FWHM) requirement of 10 nm for each wavelength
channel ruled out the use of laser diodes as emitters. For tungsten
filaments the upper limit of 200 nm would have required adding
optical filters, but not fundametally ruling them out. LEDs were
considered from an early stage of the project, likely to meet
wavelength criteria without additional effort. The tradeoff be-
tween tungsten filaments (i.e. traditional light bulbs) and LEDs
was basically about heritage, ageing, and wavelength stability:

Heritage: Tungsten lamps have been used in space for
decades, e.g. in ISO’s ISOCAM (Cesarsky et al. 1996), HST’s
NICMOS (Schultz et al. 2003) and WFC3/IR (Khandrika &
Kuhn 2021), JWST’s MIRI (Wright et al. 2015) and NIRSpec
(Jakobsen et al. 2022). Tungsten will also still be standard for
upcoming ground-based instrumentation, e.g. ESO E-ELT MI-
CADO (Rodeghiero et al. 2020). Infrared LEDs on the other
hand have little astronomy space heritage as light source, other
than as part of optocouplers with limited wavelength coverage
and limited performance requirements. There are a few exam-
ples of LEDs used in Earth-observation experiments, e.g. the In-
dian RESOURCESAT satellites (National Remote Sensing Cen-
tre, Indian Space Research Organisation 2011), or the DESIS in-
strument (Krutz et al. 2019) on the International Space Station,
with LEDs at wavelength below ∼ 1 µm – but heritage remains
limited.

4 In the NISP FM there is indeed a small stripe on one side of the FPA
of order 30 pixels width, and another small path on the opposite side
seeing vignetting due to the late addition of an FPA-baffle.

Ageing: While tungsten lamps suffer from ageing as the fil-
aments become thinner with time, they do not suffer from radi-
ation damage as LED semiconductors do. The effect of ageing
on tungsten filaments will be a gradual change of filament resis-
tance and light output – and ageing can likely be predicted quite
well. The performance of LEDs can, in principle, suffer both due
to continuous radiation effects and isolated space weather events,
e.g. coronal mass ejections. Sufficient testing and application of
substantial margins were thought to mitigate this issue.

Wavelength stability: The main challenge for tungsten fila-
ments is the requirement to produce at least five different illumi-
nation levels differing by at least one order of magnitude: using
only one filament for all flux levels could only be achieved by
changing the average electrical power and hence filament tem-
perature. A change in temperature results in a change of the spec-
trum, shifting to shorter wavelengths at higher power and tem-
perature. Therefore, this would require use of a relatively narrow
bandpass filter to achieve independence between flux level and
wavelength, and hence a low overall efficiency. Using more than
one tungsten lamp per wavelength channel could achieve dif-
ferent flux levels with similar spectral properties, at the cost of
substantially higher complexity, control effort, and component
count.

LEDs also have a temperature dependency of the wavelength
– inverse to tungsten, with a blueshift at colder temperatures –
but the shift between room temperature and operational condi-
tions can be measured on the ground and is very predictable. The
comparably low power consumption of LEDs leads to very low
internal heating, and hence the resulting temperature changes
during operations are mostly negligible. A change of the output
intensity at practically constant wavelength characteristic can
easily be achieved over two or more decades by adjusting the
drive current or applying digitally controlled pulses with modu-
lation to a constant current source. No additional filters are re-
quired to produce the desired wavelengths, which allows for a
very simple and efficient system, since all of the generated light
is emitted in-band and put to its purpose instead of being largely
absorbed.

Initial tests about market availability and radiation sensitiv-
ity (Sect. 3) led us to choose the LED-approach. The decision
was based on the excellent stability over the required time scale
of 1200 s given a stable drive-current, good controllability of the
output flux with good efficiency and hence low power dissipa-
tion, a simple design, as well as the opportunity to actually pro-
duce a novel heritage of using infrared LEDs as a light sources
in space.

3. NI-CU LED selection

3.1. Initial candidate screening

The first step of NI-CU development was identifying and initial
screening of candidate LED devices to prove feasibility of an
LED-based design and as a foundation for the subsequent for-
mal space qualification. Selected LEDs had to fulfil the main
requirements explained above (wavelength distribution, spectral
and flux stability) as well as to prove their reliability in a cry-
ovacuum environment. As explained, no suitable LEDs with suf-
ficient space heritage existed, nor were LED suppliers catering
to the needs of a space hardware development project in terms of
specific technical qualification aspects, as well as manufacturer
quality and procurement standards. LEDs in the wavelength
range up to 1550 nm at room temperature are relatively abun-
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dant, but market research showed that for longer wavelengths
only one manufacturer, LMSNT, seemed to exist.5

For initial downselection, a wide range of off-the-shelf LEDs
was procured from a range of manufacturers – at least at shorter
wavelengths – and in a range of packages. These included plas-
tic packages, hermetic TO (‘transistor outline’) packages, nomi-
nally hermetic packages with integrated reflectors, and reflector
packages with direct access to the LED die. Wavelengths ranged
from 970 to 2000 nm at room temperature. An initial optical in-
spection, to assess overall workmanship of the devices, and ini-
tial operation at cryogenic temperatures removed the first LED
package types – LEDs with a silicone glob-top, i.e. silicone plas-
tics covering the LED semiconductor, are not suitable for cryo-
genic operation. The silicone will become rigid and crack at low
temperatures, creating mechanical stresses on the LED die, and
resulting in severe reduction of LED performance or even LED
failure. Excluding these LED types still left at least one type
per wavelength channel available for further evaluation of basic
characteristics.

The laboratory equipment for the initial tests was centred on
a small temperature-controlled cryostat based on a closed-cycle
cooler, equipped with ample electrical connections and two large
diameter glass fibre ports. In combination with external source
measurement units for LED control and a NIR spectrometer
as well as an optical power meter, this allowed flexible exper-
imental setups with reasonable turn-around times. High-power
heaters inside the cryostat enabled fast warm-up times, while the
small cryostat volume and mass resulted in relatively short evac-
uation and cooling times. The use of external and internal fibres
for light measurements enabled simple spectral and flux mea-
surements. Flux stability measurements were limited by the de-
pendency of the setup’s transmission on external parameters as
e.g. the laboratory temperature or mechanical stress on the fibres.
For improved flux measurements, especially at low levels, an in-
ternal extended InGaAs-photodiode and transimpedance ampli-
fier circuit were mounted on the cryostat’s cold-plate close to the
LED under investigation.

Laboratory screening experiments at temperatures as low as
100 K confirmed that all LED candidates worked under such
conditions and produced stable output. Measurements of the de-
pendency of electrical parameters, optical flux, central wave-
length, and FWHM of the LED output on the operating tem-
perature were performed at this stage. Simple temperature shock
experiments with liquid nitrogen also confirmed a high degree of
resilience, surprising at least in the case of the plastic packages.

Subsequent tests at cryogenic temperatures confirmed the
stability of the LED emission. Long-term measurements of the
optical output over a range of 60 000 activation cycles with an
on-off ratio 1:4 did not show any failures. Flux stability always
satisfied the requirements on the 1200 s time scale or for the
whole experiment duration. These tests showed that the major
part of LED ‘instability’ occurs during the first seconds after ini-
tial application of drive current. Internal heating of the LED will
reduce its light output and lead to a noticeable flux decrease dur-
ing the first seconds. This stops only once thermal equilibrium
is reached. Meeting the stabilisation time requirement of 180 s
hence implied a proper thermal design of the LED mount with a
thermally conductive path to a heatsink or cold baseplate.

5 LEDs manufactured by LMSNT (LED Microsensor NT, based in
Russia) were sold by multiple suppliers under different names, but simi-
larities between properties and datasheets traced them to a single manu-
facturer.

Operation at cold temperatures were found to be as one could
expect for LEDs based on standard semiconductor physics:

– An increase of the forward voltage of the p-n junction with
decreasing temperature,

– a corresponding higher electrical input power when driven
with constant current, and hence a higher optical output
power,

– a further increase of optical output power vs. electrical input
power due to a higher efficiency of the LEDs at cold temper-
atures,

– a shift of the emitted light toward shorter wavelengths,
– a decrease of the FWHM of the emitted light, and
– a highly stable output, once sufficient time is allowed for sta-

bilisation.

An early radiation experiment was performed with these
LEDs to assess the impact of irradiation with high-energy pro-
tons. The dominant effect of proton radiation6 – the main com-
ponents of cosmic rays during the mission – on LEDs is a per-
sistent decrease in light output efficiency due to displacement
damage, requiring higher electrical power to achieve the same
light output as before the irradiation occurred. We irradiated a
total number of 25 LEDs of five different types and wavelengths
with an 10 MeV equivalent proton dose of 9×109 cm−2, using the
proton beam mode of the HIT Heidelberg facility.7 This corre-
sponds to twice the expected lifetime dose of the Euclid mission
at the planned NI-CU location. Electrical and optical parameters
of the LEDs were measured before and ca. 30 min after ending
the irradiation, at room temperature. Depending on the LED type
– and hence the involved semiconductor material – a decrease of
the LED light output between 0% and 48% was observed. This
confirmed that the chosen LED candidates could be used in the
expected radiation environment without danger of a total failure,
given that sufficient margins for the optical flux were applied. It
also underlines the fact that LEDs designed for different wave-
lengths – and therefore based on different materials – can suffer
from very different grades of radiation damage. Here measure-
ments are required, and estimates or extrapolations will not be
sufficient.

These measurements and tests narrowed down the electrical
and optical parameters of the LEDs over the full range of operat-
ing conditions and allowed us to define the preliminary electrical
interface for NISP’s control electronics (instrument control unit,
ICU). Measurement of the actual forward current and voltage
was identified as the means to monitor LED health and deter-
mine the actual electrical input power at any time. The technical
realisation of the LED driver by the ICU was to be based on a
modulated constant current source with a 4-wire connection to
each NI-CU LED. The current source itself was not replicated
for each LED channel but multiplexed, so that only one LED at
any time could be operated.

3.2. Final selection, procurement, and qualification

We settled on five devices manufactured by the companies Epi-
gap (Japan) and LMSNT (Russia) for in-depth characterisation
and formal space qualification. Basic manufacturer-provided pa-
rameters of these LEDs are given in Table 1, for different cur-
rent levels and operating modes, at room temperature. While the
6 Ionising photon radiation was not seen as a source of possible de-
fects, as one would only expect transient effects at the radiation levels
typically experienced in NISP.
7 Heavy Ion beam Therapy facility of the Heidelberg University Hos-
pital, Germany
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Epigap devices are specified for up to 100 mA DC current (for
‘CW’, continuous wave operation, i.e. 100% duty cycle), LM-
SNT defines the ‘Quasi-CW’ mode, i.e. operation at 50% duty
cycle with a rectangular signal at up to 200 mA peak current.

We defined common drive parameters for all LED types
to unify the electrical interface and to apply proper de-rating
according to ECSS8 requirements: A core current range of
10–100 mA, pulse-width-modulated (PWM) with a rectangular
waveform with duty cycles between 5 and 50%. The resulting to-
tal dynamic range of 100 provided sufficient margin to match the
requirement and accommodate for performance degradation of
the LEDs during the mission lifetime.9 PWM duty cycles shorter
than 5% were not foreseen in order to avoid non-linearities,
while lower currents down to 1 mA are possible, though with an
increased output drift, since the NI-CU power supply in the flight
hardware would guarantee 0.1% stability at 10 mA, but propor-
tionally lower stability at lower currents.

Wavelength and FWHM of the LMS20LED-C device (chan-
nel E) are clearly larger than the required values for NI-CU at
room temperature, emphasising the need for cryogenic testing.

Findings regarding packaging quality, especially the die at-
tach between semiconductor and header base of the LMSNT de-
vices, led to the decision to procure the LEDs as unpackaged
dice and organise packaging through a dedicated service sup-
plier, resulting in a uniform manufacturing process and material
selection, and in a much better control of the whole packaging
process and quality. As a side result we achieved mechanical
similarity between all LEDs, leading to a more simplified and
interchangeable LED mount design for the final unit.

All five LED types were mounted on standard Kovar two-
pin TO-18 headers manufactured by Technotron, Germany and
hermetically sealed with a Kovar cap with glass window manu-
factured by Schott, Germany. Assembly was conducted by First
Sensor Lewicki, Germany. Die attach was performed with EPO-
TEK EJ2189 silver-filled epoxy glue, and the second electrical
connection was realised by ball bonding with 25 µm Au wire.
Sealing was done via seam welding, followed by gross and fine
leak testing, serialisation, and a simple electrical test before de-
livery for further testing. Apart from transient problems with the
bonding process no significant problems were observed. A close-
up photograph of an NI-CU LED is shown in Fig. 2.

To mitigate potential risks with procurement or significant
quality differences between different batches, we decided to pro-
cure for each LED type enough devices from the same batch in
order to be able to carry out all qualification and manufacturing
activities plus have a sufficient margin in case of mishaps or de-
fects. This implied setting up a mature plan for qualification and
manufacturing relatively early during the project and resulted in
the procurement of 200 LEDs of each type.

Formal space qualification commenced after homogeneous
packaging of all devices and consisted mainly of the following
steps:10

8 European Cooperation for Space Standardization,
https://ecss.nl/standards
9 To go beyond a dynamic range of order 100 likely requires the use of
multiple sets of LEDs and e.g. nested integration spheres as in the case
of the Roman Space Telescope. See Sect. 7.3.2 for a discussion.
10 Final LED procurement oversight, space qualification, mechanical
design, as well as manufacture, assembly and tests of the NI-CU STM,
EM, FM, and FS models were carried out by von Hoerner & Sulger,
Schwetzingen, Germany. Substantial part of the LED qualification steps
were carried out by RoodMicrotec, Nördlingen, Germany.

Fig. 2. Closeup of finished LED: wire-bonded semiconductor die (cen-
tre), inside gold-coated housing, behind hermetically sealed glass (im-
age courtesy von Hoerner & Sulger).

– Cryogenic electrical and optical test, lifetime test, and subse-
quent inspection and definition of electrical burn-in parame-
ters for flight devices, performed on subgroups.

– Parallel long-term cold storage test of a further subgroup,
followed by thorough inspection for failures or degradations.

– Thermal cycling, electrical testing, PIND11 and X-ray in-
spection, and optical measurement of 60 devices per type,
from which final flight devices were to be selected (‘screened
devices’).

– Setting aside 20 screened devices per type as final flight
LEDs to be used in the deliverable NI-CU models, includ-
ing contingency.

– Thorough analysis and testing of the remaining 40 screened
devices per type, including: extensive non-destructive and
destructive analysis both before and after thermal cycling,
mechanical tests (vibrational loads), radiation testing in
warm conditions, humidity tests and cryogenic optical and
electrical characterisation.

Many of these tests followed the requirements laid out by the
applicable ECSS (see above) and ESCC12 standards are a com-
mon practice for non-space semiconductors as well. Particularly
in the detailed destructive and X-ray analysis of the LEDs we re-
ceived valuable support by the French space agency CNES and,
through them, by Thales Alenia Space, Toulouse.

Final tests concerned the susceptibility of the – highly effi-
cient – LEDs to unwanted photon emission due to small possible
current leakage in the driver electronics, or pickup of electro-
magnetic interference via the harness routed inside the satellite.

11 Particle Impact Noise Detection – a standard test to detect loose par-
ticles inside semiconductor packages
12 European Space Components Coordination,
https://spacecomponents.org
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Table 1. NISP final LED types and parameters. Wavelength, width, and power output are given here for room temperature. Resulting values at
cold operating temperatures are given in Table 2. Output power are representative values provided by the manufacturer at 100% ‘continuous wave’
duty cycle for the Epigap LEDs, and 50% duty cycle for LEDs D and E.

Channel Manufacturer Model λpeak FWHM Output
[nm] [nm] power

A Epigap EOLC-970-17 970 70 2 mW @20 mA CW
B Epigap EOLC-1200-17-1 1200 70 3.5 mW @100 mA CW
C Epigap EOLC-1550-17-1 1550 130 2.5 mW @100 mA CW
D LMSNT LMS18LED-C 1845 100–200 0.7–1.1 mW @200mA Quasi-CW
E LMSNT LMS20LED-C 2045 150–250 0.8–1.2 mW @200mA Quasi-CW

First investigation were carried out in our test cryostat where
the LED was driven by a high-frequency (HF) current equiva-
lent to what would be expected due to electromagnetic interfer-
ence coupling into the harness. They showed that it was needed
to control the forward voltage resulting from the worst case ex-
pected leakage current to a value well below the typical forward
voltages at which photon emission occurred. This was achieved
by adding a 100 kΩ in parallel connection to the driver output on
the warm electronics side, which reduced bias voltages due to
leakage currents to well below 100 mV where LEDs do not yet
operate, while having a negligible effect on voltage vs. current
characteristics and output linearity.

Actual measurements with additional HF currents did not
show any significant unwanted emissions over the frequency
range of interest as the combined forward voltage due to leak-
age and electromagnetic interference did not reach the excitation
threshold. At high frequencies this is further mitigated due to the
relatively high junction capacitances of the LEDs used. Opera-
tion at cold temperatures further helps the case as the forward
voltage and hence the excitation threshold increases.

This was confirmed by qualification tests in a more complex
cryogenic setup, targeting the electromagnetic compatibility of
the overall cold detector electronics in the context of instrument
development. This experiment was performed in a cryostat with
a Delrin cover, permitting irradiation of a flight representative
piece of NI-CU harness with HF signals from the outside. The
tested LEDs were positioned in front of the detector, creating a
very sensitive measurement of any spurious emission. This ex-
periment did confirm conformance to the requirements as well.13

The overall qualification campaign certified that the selected
LEDs and manufacturing steps are capable to withstand the
harsh environmental conditions of the Euclid mission and to the
space environment in general. While performance degradations
due to radiation damage were observed as expected, no failure or
excessive loss of output flux was encountered. Defects or failures
due to mechanical or thermal loads were not observed. Electri-
cal and optical parameters at different temperatures were found
to be predictable and well-behaved. The electro-optical measure-
ments of the screened devices at operational temperatures around
135 K permitted to accurately predict wavelength characteristics
and electrical parameters of the flight devices at cold operating
temperatures. A summary is given in Table 2.

The selection, test, and qualification phase of the NI-CU
LEDs ended successfully with 20 screened LEDs per wavelength
channel with full formal ESA-accepted space qualification and

13 Though for NI-CU we did not encounter any issues with unwanted
emissions, this is a real risk if not managed and tested properly. The
effects of leakage currents and their worst case magnitude over the full
mission lifetime have to be taken into account. Otherwise, the shutter-
less calibration source would add background noise for each and every
science frame.

sufficient knowledge of key performance parameters at the in-
tended operational conditions.

4. Final NI-CU design

With LED selection and qualification running in parallel, the me-
chanical and optical design of NI-CU was developed along these
main requirements:

– Illumination concept compatible to an angled and off-axis
optical path towards the detector;

– limited build volume due to proximity to the NISP optics;
– interface to the instruments SiC panel is sensitive to shear

stress, requiring reduction of forces in the interface plane
over the full non-operational temperature range;

– generation of an almost flat illumination pattern with sharp
transition from full illumination to almost zero light intensity
at the edges of the detector plane;

– combination of five different wavelengths with proper output
levels;

– full redundancy by providing two LEDs per wavelength
channel;

– low impact on the instrument’s thermal budget;
– good short-term stability and reproducibility with quick sta-

bilisation time of the output intensity after activation;
– protection of any sensitive components inside NI-CU to sur-

vive long-term storage on the ground.

The mechanical design can be roughly divided into few main
components as shown in Fig. 3. The first main part is the NI-
CU housing. It contains the LEDs and electrical wiring, and
performs light mixing and shaping to generate the required il-
lumination pattern with proper shape, uniformity and level at the
focal plane. It is machined of aluminium and coated to a large
extent with PNC black coating14 to reduce unwanted straylight
and out-of-field illumination as much as possible. Light leaves
the housing through an aperture on the top end and is directed to
the NISP focal plane.

The second main component comprises three short titanium
bipods which connect the NI-CU body to the interface points on
the P1 SiC panel. These bipods provide sufficient stiffness to en-
sure sufficient pointing accuracy of NI-CU over the applicable
temperature range, but are flexible enough to absorb stress re-
lated to mechanical loads caused by vibration and acceleration
as well as by thermal coefficient mismatches of the employed
materials during cool-down of the instrument. This is especially
important as the feet of these bipods are bolted to dedicated In-
var interface pads on the instrument’s P1 panel, which are in turn

14 PNC is a black coating manufactured by MAP, France, https://
www.map-coatings.com, having both a high solar absorptance (αS =
0.97) and emissivity (ϵ = 0.91).

Article number, page 8 of 21

https://www.map-coatings.com
https://www.map-coatings.com


Euclid Collaboration: F. Hormuth et al.: Euclid. IV. The NISP Calibration Unit

Table 2. NISP final LED parameters at 135 K. For each LED channel the peak wavelength and width are listed, as well as the shift in central
wavelength with temperature in the regime around 135 K. The last column contains the characteristic forward voltage at 100 mA drive current and
50% PWM that can be used as a direct diagnostic of LED brightness, and that defines the maximal power consumption.

Channel λpeak FWHM Wavelength shift Forward voltage
[nm] [nm] [nm/K] [V] @ 100 mA, 50 %

A 939 24 0.12 2.23
B 1157 46 0.14 1.09
C 1467 82 0.14 0.96
D 1735 129 0.57 1.68
E 1873 92 0.58 0.93

Bipod
Harness

Aperture

Housing

LED Mount
Baffle

Reflector
Baffle

PTFE
Reflector

Internal
Baffle

LED

Illumination
Beam

Intermediate
Baffles

Fig. 3. Final NI-CU design. Left: Outer view of housing, bipod interface to NISP, and harness locations. Centre: Cross-section of the NI-CU main
body with illumination-critical components. The LEDs are pointing downward, illuminating the reflector patch with tilted surface (enlarged on the
right). A number of baffles inside NI-CU shapes the beam to just illuminate the detector array, while minimising straylight.

glued to to underlying SiC structure. This glue interface is prone
to potential failures due to shear stress, which could be induced
by thermal stress. The design was optimised in this respect to
rule out a detachment of NI-CU even in the case of the loss of
one bipod or glue connection.

Two separate electrical harnesses – one for the primary set of
LEDs and one for the secondary set of LEDs – leave the bottom
of the unit and are routed on the instrument’s SiC structure to a
connector bracket.

The cross-section drawing of the optical elements in the right
panel of Fig. 3 shows the internal layout. The bottom part of
the aluminium housing accommodates the LEDs as well as a
small diffusor manufactured from Spectralon which produces a
near-homogeneous illumination of the detector plane, similar for
each LED. Spectralon is a sintered PTFE (Polytetrafluoroethy-
lene) type material with excellent near-Lambertian reflectance
properties over the NI-CU LED wavelength range. The Lamber-
tian properties result in a smooth illumination pattern without
high-frequent spatial intensity variations, which is almost inde-
pendent of the actual illumination pattern produced by the indi-
vidual LEDs. The light cone reflected by the Spectralon target is
further shaped by a set of three intermediate baffles and exits the
unit through its final aperture. The baffles use custom designed
asymmetric shapes in order to produce a rectangular field of il-

lumination at the detector plane despite the off-axis layout of the
system. Internal edges of the baffles and the apertures are tapered
to avoid grazing reflections.

The LEDs are mounted above the diffusor into aluminium
nitride bushings for the purpose of electrical insulation and good
thermal connection to the NI-CU structure at the same time,
helping to achieve the required stability criteria and short sta-
bilisation times of the output flux. The LEDs point downward to
the target, which is realised as a small pin made of Spectralon,
encased in a metal jacket to expose only the top surface to the
LED light. The design option to optimise photon flux levels and
to harmonise levels between the different LED types by using
gold coated light concentrator tubes attached to the LEDs for
additional beam shaping was not used in the end after final light-
level measurements. With this design, in principle alignment of
flux levels can be achieved by adjusting the length of the reflect-
ing tubes. If necessary, further adjustments to match flux levels
of vastly different types of LEDs could be made by using dif-
ferent coatings for individual concentrator tubes with different
reflectivities.

A closer view of the LED and reflector arrangement is pro-
vided in the right panel of Fig. 3. The region around the reflector
consists on the one hand of a reflective bowl concentrator above
the Spectralon surface to increase efficiency, and on the other
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hand of a black cavity below reflector level. The latter serves to
suppress straylight, i.e. to avoid light reaching the detector plane
which does not originate from the Spectralon diffusor. The LEDs
are soldered to small printed circuit boards which also serve as
connection point for the harness wires. This assembly is shown
in Fig. 4, looking towards the back sides of the LEDs with the
full wiring of the 4-wire connections for control and measure-
ment.

Fig. 4. View of the cable connections of the inward-pointing LEDs at
the base of the NI-CU FM. The LEDs are looking inwards and are elec-
trically connected to the harness cables via small individual printed cir-
cuit boards which provide a mechanical support against the impact of
vibrations.

A particular design feature is visible upon a close look at the
Spectralon diffusor surface in Fig. 3 (right panel): it is not per-
pendicular to the central axis of the unit, but tilted by ≈ 30◦. This
tilt angle is the result of an optimisation to provide illumination
homogeneity given the off-axis location of NI-CU as well as a
tilt of the focal plane away from the optical axis:15 if the normal
of the reflector surface would point directly towards the detec-
tor plane, a strong illumination-gradient would be present across
the FPA (see Fig. 5). In the given geometry of the NISP instru-
ment this would not allow us to achieve the required large-scale
uniformity of ≲ 10%. A tilt of the reflector, however, shifts the
illumination along the cosine component of the Lambertian re-
flection law, which can be optimised – with carefully chosen tilt
angle and direction – to match all tilt angles, resulting in a much
more uniform light distribution.

A classic trade-off by simulation was performed in order to
arrive at a good compromise between flux levels and homogene-
ity: The tilt angle changes how much projected Spectralon reflec-
tor surface is seen by different LED positions in NI-CU. The fact
that in such a geometry the light of each LED hits the Spectralon
target at a different angle opens up an opportunity to even out
flux levels between different LED types by choosing the most
appropriate location: the LED with the smallest flux at a given
current can be placed in a location where the projected reflector
surface is at its maximum, while the brightest LED (highest flux
at same current) can be put into the opposite position. This fea-

15 Euclid has a ‘Korsch’ off-axis design that extends to its instruments.

ture therefore also allows us to optimise the use of the available
dynamic range of the current source.

The diameter of the Spectralon target has also been subject to
simulation and optimisation. A large target would lead to over-
all increased flux levels, but also to higher out-of-field illumi-
nation at the detector plane: the size of the transition region be-
tween the nominal field of illumination and the out-of-field area
results from simple geometrical relations between the reflector
size, its distance from the defining, beam-shaping aperture, and
its distance from the detector plane. An oversized reflector would
lead to very soft edges of the illumination pattern which in turn
could provoke reflections or straylight originating from struc-
tures around the focal plane.

A very small reflector patch on the other hand would create a
very sharp transition area, but decrease the achievable flux levels.
It would also reduce the impact of the reflector tilt on the large-
scale homogeneity. This becomes obvious if one imagines an
infinitely small reflector path (i.e. a point), where the Lambertian
reflector properties vanish and are replaced by a simple 1/r2 law
insensitive to any tilt angles – obviously a point does not have a
surface to which a tilt angle can be applied.

As in the case of the tilt angle, optimisation was performed
by simulation, taking expected LED flux levels into account. A
reflector diameter of 3 mm was chosen for the final design. Fig-
ure 6 shows the measured dropoff in physical units as it would
appear at the edge of the FPA. Within ∼ 25 mm the illumination
decreases by 2 orders of magnitude, minimising the amount of
straylight in the instrument cavity.

One should keep in mind that the Lambertian reflector prop-
erties on which this design and the simulation results rely also
depend on the thickness and the surface quality of the reflector.
For a good reflector performance light must be able to penetrate
the surface, as the scattering and diffusing process takes place
inside the material and not just at the surface. Regarding surface
quality, the reflector must absolutely be protected from mechan-
ical damage or contamination. As PTFE is a lipophilic material,
contamination from oil or grease, even in small amounts, must
be avoided. Such contamination would degrade both flatness of
the reflectivity versus wavelength and the Lambertian properties
with a tendency to add a specular reflection component.

In addition to appropriate handling and storage conditions
during assembly and testing of the NI-CU units, a one-way purge
valve was added to the reflector cavity, which enabled to flush the
unit with dry nitrogen when required. A corresponding remov-
able outlet valve can be attached to the exit aperture to maintain
the nitrogen atmosphere for extended time periods, i.e. during
shipping or storage. Mounting of the outlet valve was designed
in a way to prevent damage to the PNC black coating of outer
unit surfaces visible from the location of detector plane and to
keep the contact surface with the valve assembly at a minimum.

5. NI-CU manufacturing and unit-level tests

Following the model philosophy of the NISP instrument, five
models of NI-CU were built, namely a structural and thermal
model (STM) and engineering and qualification model (EQM),
a flight model (FM), a flight spare (FS), and an avionics verifi-
cation model (AVM). This philosophy allowed the development
team to clearly separate between models ready to fly in the ac-
tual mission (FM, FS) and models used primarily for test and
qualification purposes (STM, EQM, AVM). Testing of the FM
and FS was conducted at less stringent acceptance levels – es-
pecially with respect to thermal and vibrational loads – to avoid
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Reflector
30° tilt

FPANISP
beam

no tilt
Reflector

NI-CU

Fig. 5. Illustration of reaching a homogeneous illumination despite an off-centre position of NI-CU and a tilt angle between optical axis and FPA.
Shown are the optical beam (green arrow), the slightly tilted FPA (yellow box), as well as NI-CU and the intensity of its illumination as colours
and contours. The centre of the NI-CU emission coil is marked as a dashed line, the actual shaped beam is shown in blue. Left: Flat reflector patch;
the beam centre has the same orientation as the centre of the Lambertian reflection cone and is creating a substantial gradient across the tilted FPA.
Right: 30◦ tilted reflector patch; the effect of 30◦ rotation along the cosine component of the reflection cone matches the angle of NI-CU relative
to the FPA, creating a near-homogeneous illumination.
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Fig. 6. NI-CU in-field and out-of-field illumination. Left: Reconstructed NI-CU EQM illumination in the focal plane using a test system without
the full NISP. The fluence drops quickly outside the nominal in-field (black line) until it is close to zero 25 mm further out (red line). The overall
light emitted to outside the nominal field, when integrated out to the dashed line, is substantially below the requirement of 10% of the total in-field
light. Right: Closeup on the radial sharp transition in relative flux density at the edge of the nominal NI-CU illuminated field, here independently
measured for the NI-CU VM – the approximate edge of the nominal NISP FPA in-field is marked by the vertical line. This indicates a functioning
baffling approach and creates a very low amount of straylight inside the NISP cavity from light falling outside the target FPA area.

any overstressing prior to flight, while the STM and EQM were
exposed to higher qualification levels.

The NI-CU STM can best be described as a dummy with rep-
resentative mechanical properties. This model was used to test
structural integrity of the mechanical design on unit level un-
der thermal and sinusoidal as well as random vibrational loads.
It was further integrated into the STM of the NISP instrument,
serving both as a mechanical interface check and to contribute
to the representativeness of the NISP STM. The NI-CU STM
was a fully passive unit without black coating, and without any
LEDs or equivalent heat sources – at a dissipated peak power

of ≲ 110 mW at any time, the thermal loads imposed by NI-CU
on NISP were deemed negligible. Building the STM allowed us
to refine the design and manufacturing process. This experience
helped to speed up later manufacturing of EQM, FM, and FS.
Parts of the STM during the assembly phase are shown in Fig. 7.

The EQM was a fully functional unit with the same build
standard as FM and FS. The EQM not only served for final
checks of the design according to qualification levels in the ther-
mal and mechanical domain, but was also used to get first-hand
measurements of actual photon flux at the NISP focal plane ver-
sus electrical drive parameters for all five LED channels.
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Fig. 7. NI-CU structural and thermal model before assembly, showing
the inner structure and baffle cascade. For the flight model these com-
ponents are painted with black PNC coating.

In order to enable detailed control of the NI-CU EQM dur-
ing test campaigns independently of the availability of the NISP
ICU, dedicated test electronics were built and delivered, the NI-
CUT. This unit allowed us remote control of all nominal and re-
dundant LED channels, monitoring of actual LED currents and
voltages, and measurement of output flux at the NI-CU exit aper-
ture via a removable photodiode. The NI-CUT proved to be a
valuable tool not just for the EQM campaign but throughout de-
velopment of the NI-CU units themselves.

The flight models (FM and FS) were built with the single
purpose of integration into the NISP flight model, and a poten-
tial spare, respectively. The finalised NI-CU flight model without
protective cover is shown in Fig. 8.

The models described above share a similar design, and es-
pecially their mechanical interface allows them to be integrated
into the NISP instrument. This is not really necessary for tests or
debugging activities with respect to the ICU or general telecom-
manding and housekeeping tasks. For this purpose an avionics
model of NISP was built, including an AVM of the NI-CU cal-
ibration unit. The NI-CU AVM had to mimic only the electri-
cal interface of the calibration unit, ideally for the whole range
of operational temperatures, while being operated only at room
temperature. The resulting need for a wide range of forward volt-
ages was fulfilled by various combinations of diodes and visi-
ble LEDs. As a result the NI-CU AVM enabled to test the LED
driver and housekeeping part of the ICU over the whole specified
range of currents, voltages, and duty cycles, while giving some
visible feedback for simple troubleshooting.

While the STM only underwent basic mechanical and ther-
mal tests, the three fully functional EQM, FM, and FS units
were also subjected to verifications of the achieved illumination
strength and to different degrees also shape, uniformity and sta-
bility. Proper validation of the illumination pattern with the re-
quired signal-to-noise ratio turned out to be a challenging task:
at the designed range of output levels laboratory measurements
of infrared radiation at the design distance of the detector plane
were rather infeasible.

A further NI-CU model was therefore built, the so-called val-
idation model (VM). This was representative in terms of me-
chanical and optical setup, but with only one functional LED

Fig. 8. NI-CU flight model before integration into NISP. The begin-
ning of the ∼680 mm nominal and redundant harnesses are visible at
the bottom left, connecting to a long harness to the warm electronics
at a connector bracket on the NISP structure. Despite being located far
outside NISP’s optical beam, it is fully coated with black PNC. Only
screws and harness remain uncoated.

channel equipped with a relatively bright 660 nm LED. Given
that all employed materials in NI-CU show a mostly flat wave-
length dependency from operational wavelengths down to visual
red, the assumption was justified that measurements of the illu-
mination pattern performed at 660 nm would be representative of
the NIR illumination produced at the actual NI-CU wavelengths.
The choice of the visual LED allowed the use of a standard
charge-coupled device (CCD) detector, making the experimen-
tal setup much easier and cost effective. By reducing the mea-
surement distance between NI-CU and the camera by a factor
of two some further intensity gain was realised without compro-
mising the accuracy of the measurement. Any sharp reflections
or caustics produced by light hitting sharp edges inside NI-CU
were expected to be detectable by this setup.

Given that the size of the target area was still a multiple of
the CCD detector dimensions and that the NI-CU illumination
principle involving scattering from a tiny Spectralon target still
applied, absolute flux levels were still small, requiring long in-
tegration times of many single frames in order to beat noise and
arrive at reliable measurements of the true uniformity of the NI-
CU illumination pattern. The combined and coadded measure-
ment mosaic of the centre of the NI-CU illuminated area – cor-
responding to about one third of the NI-CU field – after removal
of large-scale variations is shown in Fig. 9. With this image as
a basis a two-dimensional amplitude spectral density of varia-
tions was calculated, which showed that the visible structure is
at or below a level of 0.07% peak-to-valley for all scales, after
accounting for the details of the measurement process. The max-
imum of small-scale variations arises at scales of ∼ 10 pixel and
is smaller on all other scales, including those of the full field-of-
view. Hence the NI-CU homogeneity requirements are fulfilled.
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Fig. 9. A fully calibrated central section of the NI-CU beam
as measured for the VM, corresponding to 4900 pixel× 4900 pixels
(88 mm× 88 mm), about one third of the NI-CU illuminated field. The
largest variations discernible in this representation are ∼ 0.1% peak-to-
valley.

During the qualification and verification campaign of the NI-
CU models no major discrepancies or non-conformances were
encountered. Most of the actual problems were related to the
quality of some mechanical parts and application of the black
PNC coating, but could be resolved without significant delays in
the course of NI-CU manufacturing. Together with the previous
space qualification of the infrared LEDs this resulted in the ac-
ceptance of all three deliverable models (EQM, FM, FS) and fi-
nal integration of EQM and FS into the respective NISP models.
No difficulties were encountered during instrument-level tests.
Required homogeneity and absolute levels of illumination could
be achieved with good agreement between initial estimates for
electrical drive parameters and actual values used in the assem-
bled instrument.

6. NI-CU performance and limits

The NI-CU flight model was integrated into NISP, and the NISP
instrument was tested by itself and as part of the overall Euclid
test campaign before launch. NI-CU played an important role
during these tests, as it was the reference light source inside the
integrated NISP instrument to test or verify detector properties
and functionality.

The FM mechanical and functional properties are sum-
marised in Table 3. A useful overview of the FM spectral dis-
tribution of the five NI-CU illumination channels in comparison
to the NISP instrument’s filter and grism passbands is shown
in Fig. 10. Each filter passband overlaps with at least one NI-
CU channel, and each grism passband with at least two chan-
nels. Even though falling slighly outside the YE-band, channel A
can be used together with channel B to interpolate across this
passband using ground-based information. The slightly double-
peaked and asymmetric structure of the channel D and E spectra
is an actual property of the corresponding LEDs. A more even
spacing or an extension towards longer wavelengths might have

Table 3. NI-CU FM key parameters. The temporal drift is bound by
the drift of the driving power supply in NISP’s ICU. Its rating is 0.1%
stability at 10 mA, proportionally decreasing below this.

Mass 607 g
Length 155 mm
Max. diameter 104 mm
Top baffle diameter 55 mm
Harness lengths 680 mm
Power consumption @135 K ≤ 110 mW
Max drive current I 100 mA
Min drive current I, full stability 10 mA
Min drive current I, reduced stability 1 mA
Min/max PWM duty cycle 5%–50%
Drift over 1200 s, channels A,B,C,E ≤ 0.2%

(for drive current 10–100 mA)
RMS over 1200 s w/o drift, all channels ≤ 0.1%
Stabilisation time ≲ 20 s
Spatial homogeneity, RMS ≲ 0.15%

been preferable, but was in the end limited by the availability of
suitable LEDs.

NI-CU’s LEDs are mostly operated with drive-currents
I=10–100 mA and with a pulse-width-modulation duty-cycle 5–
50%,16 resulting in a dynamic range of 100, a factor 10 larger
than originally required. Even lower duty cycles are in princi-
ple possible, but will stop being rectangular at some point. In
combination with potential ageing effects of the power supply
this would impact predictability of LED fluence. The LEDs can,
however, be driven with substantially smaller currents down to
1 mA albeit with an impact on temporal stability (see below).

The measured fluences across the I–PWM parameter space
vary somewhat between LED types. Measurements in the core of
this parameter space and a functional approximation for easier
interpolation are shown in Fig. 11, with the parameters of the
approximating function f (I,PWM) provided in Table 4.

Except for channel D all LEDs provide excellent stability in
their light output over ≤1200 s, as measured for the FM and FS
LEDs in a dedicated setup using stable photodiodes during the
qualification campaign. The drift is ≤ 0.2% over this timespan
(for LED D the drift is ∼ 0.6%17) and the rms variations after
subtraction of a linear drift component are ≤ 0.1%. Formally, this
is only guaranteed after a warm-up time of 180 s, but the FM ac-
ceptance tests showed stable flux already after typically ≤ 20 s.
The deposited energy by any LED is small and the thermal cou-
pling to its environment as planned is very good.

16 PWM frequency is nominally 4882 Hz±10%. For frequencies this
high the systematic noise in pixels – being sequentially read out – re-
ceiving one more or one fewer pulse over a frame of 1.4 s is lower than
0.015%, and hence truly negligible. At lower frequencies already of
order 1 kHz this noise would induce variations of order 0.1%, a level
already similar to temporal stability and spatial homogeneity require-
ments.
17 The primary hypothesis for fluence drift is that variations are primar-
ily due to temperature changes of the semiconductor die. For LED D
however, despite constant ambient temperatures and measured forward
voltage, the light output drifted for both FM and FS LED specimen.
This is with identical packaging and similar power consumption as the
other LED types. We conclude that the small drift is therefore not due
to bulk temperature effects, but is likely related to the composition of
the LED die, which differs from all other channels. However, this LED
will not be used for linearity calibration, only for detector flatfields, so
the drift is acceptable.
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Channel A data has been extrapolated below 900 nm.

Table 4. Functional approximation of the measured NI-CU fluence, as
function of current (I in mA) and pulse-width-modulation duty cycle
(PWM in %) for all five LED channels. The fluence is the prediction per
average NISP pixel and per photons per second. These ad-hoc models
are of the form f (v× I+w×PWM+ x× I×PWM+y× I3+z× I2×PWM),
where v, w, x, y, and z are fit parameters across the central part of the
I and PWM parameter space. The last two terms are non-zero only for
LED E. The resulting relations are shown in Fig. 11.

Channel v w x y z
A −0.6124 0.3972 0.6266 0 0
B −0.4845 0.1185 0.4277 0 0
C −0.5032 0.4013 0.5918 0 0
D −3.2184 −6.2664 3.1285 0 0
E −4.6130 −0.8297 0.8376 −0.00055 0.02771

All LEDs have been fully tested during development with
drive currents down to 1 mA, and they can also be safely oper-
ated at these low currents. The temporal stability however should
be expected to decrease. NISP’s ICU as the driving power-supply
has a rating of 0.1% stability over 1200 s, but only down to
10 mA. Below this current the temporal drift can increase pro-
portionally. While some small-ish level of drift has negligible
impact on creating e.g. flat-field images for NISP, where the
main goal is to inject predictable levels of charges into NISP pix-
els, they might play a role if low currents are to be used for non-
linearity calibration purposes. During NISP calibration 5 mA are
regularly used, and special modes using 1 mA for very low-level
fluences have also been implemented – but not for linearity cali-
bration purposes.

7. Lessons learned, improvements, and discussion

Now after the completion and launch of Euclid we find it well
worth to summarise lessons learned while designing, building
and testing NI-CU, for other projects to take into account. (i) The
decision to use LEDs as a somewhat novel – in terms of space-
flight heritage – light source resulted in technical challenges both
during the design and test phase. (ii) We would like to address a
few points with respect to product and quality assurance as well
as interface management. (iii) We collected a number of points
of possible improvements or enhancements of the NI-CU con-
cept that could be implemented for similar projects with more
stringent requirements on absolute calibration or dynamic range.

7.1. Technical lessons learned

While the development of NI-CU proceeded with only few sur-
prises of no real impact on the unit’s performance or manufac-
turability, the following points could help similar projects to a
smoother start.

Off-the-shelf vs. custom LEDs: Selection and qualification
of LEDs should start as early as possible. The risk with ‘com-
mercial off-the-shelf’ (COTS) devices is not necessarily that they
will not work in space, but qualification will be time consuming
and costly, specifically without extensive space legacy. Decid-
ing on and trusting a set of LED devices early during the project
helps to limit the subsequent test efforts. Procuring the different
raw LED dice and having them assembled into uniform packages
by a single service provider streamlined and reduced the qual-
ification scope. Specifically, the uniform build-quality reduced
uncertainties from five different LEDs to one.

Radiation tests, cold vs. warm: Radiation testing showed
significant differences between the individual wavelength chan-
nels. This had to be expected because of the range of semicon-
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Fig. 11. Mean LED fluence expressed in photons per second per detector pixel, as function of driving parameters current and pulse-width-
modulation duty cycle (PWM). Please note the different scales of the flux axes. Points: measurements; surfaces: approximating parameterised
functions as listed in Table 4.

ductor materials involved. Early testing on COTS devices gave a
good orientation on performance loss to be expected and helped
to make sure that the chosen devices would provide sufficient
flux over the mission lifetime. Testing of the final, uniformly
packaged devices for the purpose of formal qualification was
then done later during the project and did not result in any re-
jections or surprises. The question if radiation testing should be
performed at cryogenic or at room temperature should be dis-
cussed and decided early, as the hardware and logistic effort for
cryogenic testing will be significantly larger. NI-CU LEDs were
tested in warm conditions and there was some remaining risk of
underestimating the radiation damage due to non-representative
damage annealing taking place between radiation exposure and
testing at warm. This risk was seen as acceptable since both the
applied radiation doses were factor ∼ 2 larger compared to ex-
pected conditions and all LED types remained functional after
radiation. The substantial margins in drive current range were
then available to potentially compensate an underestimated level
of damage.

Simple optical layout, complex predictions: Regarding the
optical layout of the calibration unit, the design based on a diffu-
sor patch and carefully designed apertures turned out to be fully
sufficient and very simple in terms of mechanics and optics. The
shape of the projected illuminated field could be predicted fairly
well based on simulations, while absolute flux levels turned out
to have more uncertainty. Here the actual angular illumination
pattern and flux levels of the LEDs under operational conditions
are not so easy to predict. We recommend to perform early mea-
surements on breadboard level as a starting point. This activity
occurred quite late in NI-CU development, leading to some un-
certainties on the flux levels to be achieved. The introduction
of an additional reflector tube option for the LEDs bore from

this uncertainty and could only be removed when first measure-
ments on the engineering and qualification model were available.
The ideal measurement setup would include a replica of the in-
strument’s focal plane and a large cryogenic chamber – most
likely not readily available. Measurements by proxy should be
used cleverly and whenever possible. This means e.g. to mea-
sure the output flux closer to the calibration unit’s output than at
the original focal plane distance or to use brighter, short wave-
length LEDs to assess the dilution factor introduced by the dif-
fusor patch. Cross-calibration between different wavelengths can
then take place in a simplified setup.

Constant need for critical reviews: Keeping an open mind
to not only see the advantages of LEDs vs. tungsten filaments,
but also possible disadvantages, would have helped to deal ear-
lier with the potential issue of light excitation due to susceptibil-
ity to electromagnetic interference. When conducting reviews,
it helps tremendously to include some reviewers which are not
too familiar with the topic. They will tend to ask the seemingly
most harmless questions that turn out to be surprisingly difficult
to answer.

Early thermal concept for stability: Last but not least the
mechanical and thermal design – at least in the case of NI-CU
– was developed more or less in parallel to refining the optical
concept of the unit. The special circumstances of the glue inter-
face the instrument’s SiC required some extra effort on the part
of material choice, but did not threaten to be a show-stopper at
any time. Starting out with a solid and not overly complex me-
chanical concept from the beginning and moulding it to its final
version worked out well in our case.
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7.2. Organisational & management lessons learned

NISP is a ‘proper European instrument’, as its development and
manufacturing was spread over academic and industry partners
in at least six countries, plus NASA-JPL, plus ESA as the over-
seeing customer. Organisational structures were defined substan-
tially before actual hardware activities for NISP commenced.
However, they defined which subsystem developments were
later assigned to which consortium partners and where manage-
rial and technical interfaces boundaries were drawn.

Signal and communication interfaces: In the case of NI-
CU, the development of the light source was technically decou-
pled from the development of the required current source and
sensing electronics, allocated to the NISP ICU. This resulted in
an interface on analogue signal level with – at the start of hard-
ware development – only roughly defined requirements regard-
ing absolute values, accuracy, stability, and dynamic range. Most
of them could only be narrowed down after initial LED selec-
tion and refinement of the illumination concept, i.e. after fairly
certain establishment of the relation between electrical driving
parameters and resulting photon flux at the FPA.

This led to several instances where electronic requirements
had to be re-discussed between the two involved development
partners, and then agreed and implemented in the ICU side. At
the same time the full development and production of NI-CU
ground-support equipment, i.e. a fully compliant LED driver and
housekeeping electronics needed early at least for test purposes
in the lab, was tasked to the NI-CU development team. This led
to a duplication of efforts.

Avoiding this is not simple. Drawing the interface bound-
ary not in the analogue, but the digital signal domain, would
have been interesting, but would require drive electronics by the
NI-CU team to be integrated into the flight ICU. Without a de-
tailed control of architecture and components this is challenging
to carry out in practice. Similarly, an early provision of drive
electronics by the ICU team was not compatible with the NI-CU
development timeline.

While the responsibility for the performance critical parame-
ters of the LED driver as e.g. leak current, stability, and dynamic
range clearly needs to stay with the team tasked with light source
development, a much closer feedback loop for discussing the pa-
rameters that are in flux between the two parties seems to be the
best option. In these communication interfaces, one should not
only focus on communication between hardware components
but also between the engineers tasked with their development.
Even engineers with the same background sometimes interpret
seemingly unambiguous requirements in different ways.

To generalise the experience: choose your interfaces wisely,
if possible align them with technical boundaries rather than or-
ganisational or political ones, and all interfaces that are techni-
cally still in flux require increased attention and a high-frequency
cadence of communication between teams.

Sensible qualification assessment: One should critically re-
view the application of standard test and qualification procedures
to a hardware development based on ‘new’ components regard-
ing their use in space. In principle, space engineering has devel-
oped very valuable test criteria from the experience gained over
the past 70 years, following the sensible dictum “Test as you fly
or fly as you test”.

NI-CU’s LEDs had no space heritage, their qualification for a
∼ 5-year mission at cold temperatures according to above ‘prod-
uct assurance/quality assurance’ (PA/QA) principle required to
included a 5-year cold storage test – which obviously is not pos-
sible inside a ∼ 2-year qualification campaign. Only after in-

tensive discussions this was reduced to a gentle cooldown to
operational temperature under vacuum, unbiased storage for a
duration of 3 months, a gentle warmup to room temperature,
and subsequent test for any failures or significant performance
changes. Before this, however, samples of these LEDs had al-
ready been subjected to much harsher treatment, thermal cycling
with rapid cooldown and warmup rates, vibrational loads, elec-
trical tests over a whole range of different temperatures – without
failure. Unsurprisingly, the cold storage test showed no deterio-
rated properties. As predicted, the cold storage test sample have
fared better than would have a comparison group just stored at
room temperature for the same duration, due to inhibited diffu-
sion processes at semiconductor level. The LEDs in the case of
NI-CU had obviously spent a substantial time at room temper-
ature already,18 even higher temperatures would be irrelevant to
the actual operation conditions.

The crucial point is to clarify early on which tests impose in
effect higher or lower loads on a component, and which mecha-
nisms can be invoked from a PA/QA point of view to declare a
property successfully qualified. While clearly the above dictum
stems from covering previously unknown effects – these are still
bound by physics.

The much more aggressive thermal and electrical cycling and
(mis-)treatment of LEDs during the various other qualification
tests was clearly going beyond the test parameter space of the
cold storage test, and therefore superior in their significance and
ability to instil trust in the selected LEDs. Towards the end of the
project, but only in retrospect, there was widespread agreement
that the cold storage test was indeed unnecessary.

As a takeaway regarding product assurance it is paramount to
not blindly apply the seemingly closest appropriate standard. We
strongly recommend to review the rationale behind all test pro-
cedures and to make sure each test is indeed useful to address
potential failure mechanisms. Pragmatism can help to define a
more suitable test strategy – which could mean to intentionally
attempting to break things in order to investigate potential fail-
ure modes.19 Engaging in a substantial test campaign solely for
formal reasons but without any given physical motivation will
not provide progress.

7.3. Potential improvements

For a period during the initial development process the require-
ments were in flux, due to a still settling calibration concept.
This initiated discussions of a variety of approaches, and options
that later were not implemented. We think two of these central
discussions are valuable to describe for future projects.

7.3.1. Absolute flux calibration

During the definition phase of the NISP and NI-CU requirements
it was decided that an absolute calibration of detector response,
i.e. by illumination with precisely known flux levels, would not
be necessary. Temporal stability of NI-CU flux during individual

18 Until the time of writing this paper, an assumed speed-up of ageing
by a factor ×2 for every 10 K temperature increase would translate then
> 6 years of storage at room temperature to > 200 000 (!) years of cold
storage at –140 K.
19 During initial NI-CU development, LEDs were repeatedly dropped
into liquid nitrogen and heated up with hot air, exceeding any thermal
shocks during the actual mission by orders of magnitude. They con-
tinued to work, immediately giving confidence that normal operations
would not come anywhere close to the LEDs thermo-structural limits.
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calibration sequences, approximate spatial uniformity of the illu-
mination pattern for the duration of the mission, and predictable
linearity had clear priority. Since the LEDs are always driven
with a stable and very precisely controlled current, monitoring
the resulting forward voltage provides a diagnostic time-resolved
measure for the overall electrical power consumption, and hence
light output. As this can be done to very high precision, and in
the case of NI-CU the parameter is constantly read and down-
linked as part of the housekeeping data, the forward voltage is a
very sensitive proxy-parameter for light emission – sufficient for
the required temporal monitoring of LED fluence.

To achieve absolute monitoring and calibration of the fo-
cal plane sensitivity would require either a very stable calibra-
tion source or reliable in-orbit measurement of the calibration
source’s output. This measurement itself would then again have
to be accurate and stable during the mission lifetime, resistant
to ageing effects or radiation damage. Such a calibration strat-
egy would allow the users to assess the degradation of the focal
plane assembly as well as of components in the optical path and
its mirrors, lenses, and filters, when combined with observations
of stable reference stars.

A technical solution for this challenge presents a classical
chicken-egg-problem. Detectors which could be used to monitor
the NI-CU flux normally suffer from the same damage and age-
ing mechanisms as the LEDs used in NI-CU. These detectors
would typically be photodiodes, similarly being susceptible to
radiation damage. Other types of detectors, e.g. lead sulfide pho-
toresistors, thermopiles, or radiometric solutions are either prone
to sensitivity drifts as well or are not suitable for the considered
flux levels. Therefore any observed change of focal plane proper-
ties could be attributed either to the focal plane itself, a change of
the calibration source output, a change of the calibration source
monitoring detector sensitivity, or any combination of those.

A resort from this dilemma would likely hinge on protecting
the monitoring detector from radiation damage or being able to
predict its long-term performance with high accuracy. The latter
could be based on a good knowledge of the dependency of the
detector sensitivity on absorbed radiation and a separate radia-
tion monitoring device. Moreover, it would also require a non-
ageing power source, which is also non-trivial to achieve. The
accuracy of such a solution would probably be severely limited
by the non-linearity and energy-dependency of the sustained ra-
diation damage of all components involved.

If a relationship between absorbed radiation dosage and LED
output flux could be well established in the laboratory, multiple
sets of LEDs per wavelength channel with different amounts of
shielding applied might also permit to computationally cancel
out radiation effects to some degree.

A technically more complex but probably most reliable so-
lution would be to calibrate the monitoring detector of NI-CU
with a separate, more radiation-robust light source from time to
time. This could be a light source with predictable ageing effects
and less radiation damage susceptibility, e.g. a tungsten filament.
For such a source, degradation of the output flux mostly depends
on operating time. If such a source was only used for occasional
calibration purposes of the monitoring detector, good long-term
stability might be feasible. An even more advanced variation of
this approach would solely use an external, well-known extended
celestial light source – in the case of NISP only very wide angle
sources, i.e. only the Sun and Moon would in principle make

sense to calibrate the large field-of-view20 – but this would add
substantial complexity on hardware level. For example, Euclid
has to always point away from Sun, Earth, and Moon for stabil-
ity purposes. It would have required a very different telescope
and instrument design to make Sun or Moon usable for detector
calbration. Euclid already uses stars from its survey in a self-
calibration approach to model the large-scale sensitivity varia-
tions of the FPA. This approach however is not well suited for
pixel-to-pixel variation calibration.

Any requirement for absolute calibration on long time scales
therefore results at least in additional components, mass, elec-
tronics, and algorithms development. It should be well justified
in the sense of being mission critical.

7.3.2. Increase of dynamic range

Depending on the required accuracy and reproducibility over the
mission duration, the dynamic range for a single set of LEDs is
limited to ∼ 1:200. This results from the combination of the cur-
rent source’s dynamic range (∼ 1:10–1:20 in the case of <0.1%
stable operations of the NISP ICU) and the maximum and mini-
mum PWM duty cycle, respectively (∼ 1:10). An improved cur-
rent source design or less demanding requirements on linearity
and long-term reproducibility might result in a somewhat larger
range, though. This would require design effort on the electron-
ics side of the system without touching the NI-CU hardware it-
self.

A further increase of the dynamic range at the cost of vol-
ume and component count could be achieved by adding addi-
tional sets of LEDs to the calibration unit. Instead of having just
one nominal and possibly one redundant LED per wavelength,
multiple LEDs per channel with different illumination proper-
ties would be employed. The term ‘illumination property’ here
refers to the conversion of electrical power to flux level at the de-
tector. An identical second, or even third, LED per channel could
be equipped with a sort of attenuator or illuminate the diffusor
patch from a larger distance or from a less favourable angle. As
a result, the same ICU drive signal could produce different illu-
mination levels for the different LED sets.

In the case of NI-CU, a second set of LEDs could either
have been squeezed into the LED holder as designed if a slightly
larger volume could be accommodated or built into a separate
holder, stacked on top of the first one. A more sophisticated
solution could consist of daisy-chaining Ulbricht style integra-
tion spheres, as planned for the Roman WFI calibration source
(Joshua E. Schlieder, pers. comm.). For Euclid, however, this
could not have been accommodated into the available volume of
NISP.

Independent of the chosen solution, additional light sources
will require additional electrical connections and more effort on
the part of the control electronics. Both should be taken into ac-
count early during the design phase. As with a requirement for
absolute calibration, the need for an extended and reproducible
dynamic range should be well justified.

8. Conclusion

In summary, NI-CU’s development was in principle straight-
forward, not only in retrospect. Given the central requirements
of time-stable illumination at several well-defined wavelengths,

20 Mars, Jupiter, and Saturn have angular diameters of only ∼ 5′′–50′′or
17–170 NISP pixels across, while the Moon and Sun would cover
∼ 40% of the FPA area.
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but variable fluence, LEDs are clearly the best choice as light-
sources. Their very low energy dissipation – and therefore stable
thermal conditions – and fluence-independent emitted spectrum
would have been very challenging if not impossible to reach with
tungsten filament lamps. The ability to monitor LED fluence lev-
els with voltage sense lines is a unique property, that enables a
continuous, fast, and simple approach to provide monitoring or
housekeeping data – both during development as well as now in
flight.

In hindsight, even though test-LEDs basically already clar-
ified very early on that LEDs would function well in the cryo-
vacuum and radiation environment at L2, the full LED quali-
fication process was substantially more extensive (and expen-
sive) than initially envisioned. We hope that some of these steps
will not be necessary in the future, now that after NI-CU there
is substantially more ‘legacy’ for NIR-LEDs in space. And that
at some point limited-qualification COTS LEDs might become
acceptable in similar projects, even if not all manufacturing pro-
cesses are fully known. Since in principle LEDs are inexpensive,
the difference in cost to custom-manufacturing and a full quali-
fication can well be a factor (!) of 20–50.

NI-CU development was ultimately very successful, leading
to a very capable calibration light-source. The FM integrated into
NISP was already used during instrument ground tests to check
out and provide reference data of the NISP FPA – and is now
orbiting at L2, supporting NISP in Euclid’s 6-year survey of the
Universe.
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