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ABSTRACT

MATJIS, Moons and Jupiter Imaging Spectrometer, is one of the scientific payloads aboard European Space Agency’s Jupiter Icy Moons
Explorer mission. This instrument underwent a comprehensive characterization and calibration campaign before integration on the space-
craft. In this work, we report on the measurements of the instrumental spatial responses, including the slit and pixel functions, the knife edge
function, the ensquared energy, and the keystone aberration. The measurements were repeated in several positions of the field of view and
within the range of MAJIS temperatures during science observations. The goal was to characterize the instrument’s response under a wide
set of conditions and at different visible-infrared wavelengths. The experimental setups employed to perform calibrations are described in
detail, and the methodology applied to derive the instrumental spatial responses is discussed. After launch, minor changes in the instrument
response and the coalignment between the two spectral channels were identified by comparing on-ground data with the first in-flight data
returned by MAJIS.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203872
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I. INTRODUCTION

MAJIS (Moons and Jupiter Imaging Spectrometer) is the
advanced Visible-Infrared (VIS-IR) hyperspectral imager onboard
the European Space Agency’s (ESA) Jupiter Icy Moons Explorer
(JUICE) spacecraft launched on April 14, 2023, aiming to explore
the Jupiter atmosphere and its icy moons, in particular Ganymede.
This instrument is realized by a French-Italian team under Insti-
tut d’Astrophysique Spatiale (IAS)-Orsay leadership:' the design and
realization of the main electronics unit and the procurement of the

two focal plane arrays are under French responsibility. The Optical
Head (OH) design, integration, and test are provided by Italy.

The MAJIS optical design is based on a Three-Mirror Anas-
tigmatic (TMA) telescope focusing on a single entrance slit (width
38 um). By means of a dichroic filter, the diffracted beam is sepa-
rated in-field between two spectral channels, both telecentric: The
Visible-Near-Infrared (VISNIR) camera-spectrometer resolving the
0.5-2.35 um spectral range with a sampling of ~3.65 nm/band
and the IR camera-spectrometer operating between 2.25 and
5.54 ym with a sampling of 6.5 nm/band. The camera-spectrometers
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employ collimating and focusing lenses to disperse the beams on
flat gratings and to collect the diffracted light across 2D HgCdTe
CMOS detectors. Two Teledyne HIRG detectors, with a format of
1024 x 1024 pixels, 18 um pixel pitch (physical pixel px,), are
employed as focal planes. The two detectors share similar read-
out architectures with different compositions of the sensitive layer
and are optimized for their respective spectral range and cutoff/cut-
on wavelengths.”* The MAJIS telescope has a Field of View
(FoV-throughout the paper) of 3.4°, spatially resolved with an IFOV
of 150 urad (400 MAJIS pixels binning 2 x 2 physical pixels). The
spectral range of each channel is resolved by 504 bands. Thanks to
a flat mirror mounted on a one-axis steerable mechanism placed
at the telescope’s entrance, it is possible to operate the instrument
in pushbroom, scan, and motion-compensation modes, resulting in
high operational flexibility. The MAJIS optical design and analysis is
detailed in Ref. 5. Additional features of the MAJIS instrument are
the presence (1) of a shutter, placed at the entrance slit of the spec-
trometers, which can be commanded in closed position to acquire
dark current and spectrometer’s internal background signal, and
(2) of the Internal Calibration Unit (ICU) housed on the side of
the telescope’s entrance baffle and designed to inject reproducible
VIS-IR signals into the optical path to monitor the instrument’s per-
formances during the entire lifetime of the instrument.® The optics
and detectors are mounted on a bench within the Optical Head
(OH) thermomechanical structure designed and manufactured by
Leonardo (Campi Bisenzio, Florence, Italy). It also includes two pas-
sive radiators necessary to cool down the optics and the VISNIR
detector at < 130 K and the IR detector at < 90 K. The OH is main-
tained mechanically aligned with the spacecraft’s nadir pointing axis
by means of three isostatic bipods. The bipods’ design and the use
of thermal washers allow us to isolate the OH from the conductive
thermal load from the spacecraft bus. Additional radiative thermal
exchanges are minimized by wrapping the entire OH with Multi-
Layer Insulation (MLI) with the exception of the radiators’ surfaces
and the telescope’s entrance baffle. The instrument is designed to
operate and survive in the harsh radiation environment of the
Jupiter magnetosphere by adopting rad-hard optical and electron-
ics components and by adding distributed and localized shield-
ing to protect the most sensitive elements, such as detectors and
electronics unit.

The instrument is managed by a Main Electronics (ME) unit
designed and procured by IAS-Orsay, France. The ME generates
science data, engineering telemetry, and power links with the space-
craft, and it distributes power to different instrument subsystems.
The onboard software manages the acquisition and timing of the
science and telemetry data, their despiking, compression, and for-
matting.” A dedicated auxiliary board by Leonardo Company com-
mands the steerable mirror motor, the shutter mechanism, and the
internal calibration unit sources.

Due to the complexity of the instrument, several activities have
been performed to characterize the single subsystems and to cali-
brate the payload in different phases of the integration. In Paper I,
we report about the experimental setups used to calibrate the MAJIS
instrument before launch,® the results of the spectral calibration,’
the derivation of the radiometric calibration,'’ the characterization
of the internal calibration unit,” and the measurements of several
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In this paper, we will focus specifically on the calibration of the
spatial response of the two spectral channels, which are then com-
pared with the instrument’s scientific requirements. In Sec. II A, we
present the pixel and slit function theory for evaluating the spatial
resolution. The calibration setups in Leonardo and IAS used to per-
form spatial measurements across the VISNIR and IR spectral range
are presented in Sec. II B. The characterization of the slit, pixel,
and edge functions as a function of different positions within the
FOV and at different wavelengths is detailed in Sec. III. This section
also discusses the coalignment between the VISNIR and IR spectral
channels before the launch. The ensquared energy for the VISNIR
channel is addressed in Sec. I'V, while the investigation of the instru-
mental spatial response stability with temperature is discussed in
Sec. V. Section VI reports the measurements and analyses performed
to evaluate the keystone distortion on the two spectral channels. The
stability of the spatial response, as measured during the onground
calibration campaign, is checked on the first data returned by MAJIS
after the launch. A description of the spatial response changes that
occurred during the launch is given in Sec. VII. Section VIII sum-
marizes the MAJIS spatial response parameters across the range of
temperatures, wavelengths, and positions of the FoV as explored
during the ground and flight calibration phases.

Il. THEORY AND CALIBRATION SETUPS
A. Spatial response functions

The spatial response of an imaging spectrometer can be char-
acterized through the measurement of the pixel and slit functions,
which, respectively, correspond to the instrumental resolution along
and across the spectrometer’s slit directions.!” The pixel function,
Fp(s), on a pixel located at a given location (s) along the slit direc-
tion, is given by the convolution of the unitary step function, V(s),
representing the physical pixel spatial response, and the instrument
response, INST(s), along the slit,

Fp(s) = V(s) ® INST(s). (1)

Similarly, the slit function, Fs(I), for a pixel located along the scan
direction at line (1), can be expressed as the convolution of the uni-
tary step function U(!), corresponding to the slit spatial response of
the spectrometer, and the telescope response TEL(]) along the scan
direction,

Fs(1) = U(I) ® TEL(I). @)

The instrument spatial response along the slit is, therefore, defined
by the Full Width at Half Maximum (FWHM) of the pixel function
profile, while the response across the slit is the FWHM of the slit
function. It is important to distinguish the difference between the
spatial response width and the instrumental Instantaneous Field of
View (IFOV). While the former is related to the instrument spatial
resolution, e.g., the minimum angle under which the instrument is
capable of resolving two adjacent point sources, the latter describes
the spatial sampling (in radians) of an image, and it is a function of
the pixel’s size (dyx) and the instrument focal length (F) through the
following relation:

spectral.targets, e.g., mineral sample}s1 and calibration targets, used to IFOV = 2 arctg dpx . 3)
test the instrumental performances. 2F
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Pixel Function Slit Function

scan direction TEST |SLIT

FIG. 1. Pixel (left) and slit (right) functions’ conceptual scheme: The signal of the
illuminated test slit is acquired while performing a spatial scan above a test pixel
(px). The test slit is oriented perpendicular to the MAJIS slit for determining the
pixel function and parallel to the MAJIS slit for determining the slit function.

Ideal imaging systems would have unitary step function
responses, e.g., would be able to collect all photons coming from a
point source on a given pixel without spreading them across neigh-
boring pixels. For real optical systems, there is a broadening of the
point source signal. Therefore, the spatial response function must be
characterized across a wide set of instrumental parameters. So as to
achieve the science goals of MAJIS, a requirement (FWHM < 225
yrad) has been defined for the spatial response, corresponding to a
spatial FWHM < 54 uym across the detector, which is 1.5 times the
nominal IFOV (150 yrad or 36 ym, nominal pixel size pXpom). For
the sake of completeness, we recall that this value is derived from
Eq. (3), in which the MAJIS equivalent focal length (F) is 240 mm.
The instrument’s pupil diameter is 75 mm and f/# = 3.2.°

The MAJIS pixel and slit functions have been characterized
from multiple acquisitions of a test slit image scanning along and
across the MAJIS slit direction. For each tested pixel, we measured
the variation of the test slit signal during the scan and the FWHM
was derived from the best Gaussian fit of these variations. The
scheme of the two spatial scans is shown in Fig. 1. Since the MAJIS
optics is designed to observe targets at infinite distances and is not
equipped with a focusing mechanism able to resolve objects at finite
distances, a collimator is used to collimate the beam from the test
slit. The same scheme has been implemented for characterizing the
spatial response of previously flown imaging spectrometers, such as
VIRTIS on Rosetta,'” JIRAM on Juno,'* and SIMBIO-SYS/VIHI on
BepiColombo.'” The description of the experimental setup is given
in Sec. II B.

B. Calibration setups

During the development phases of the MAJIS instrument, the
spatial responses have been measured two times using two differ-
ent calibration setups: (1) in Leonardo (hereafter LND) premises at
the end of the Assembly, Integration, Verification (AIV) phase to
verify the compliance with the scientific requirements, and (2) later
in TAS laboratory during the final calibration campaign. While the
methods employed in the two laboratories to determine the spa-
tial responses were similar, some differences in the experimental
setups, instrument configuration, and temperature set-points were
occurring and were exploited to broaden experimental test cases. In
Secs. II B 1 and 1I B 2, the different calibration setups used in LND
and IAS to characterize the MA]JIS spatial responses are described.

ARTICLE pubs.aip.org/aip/rsi

1. Calibration setup at Leonardo

Here, we describe the Optical Ground Support Equipment
(OGSE) utilized to carry out the spatial calibrations in Leonardo
(Campi Bisenzio, Florence, Italy). Leonardo (hereafter LDO) is the
prime industrial partner for the design, manufacturing, integration,
and testing of the MAJIS optical head. A scheme of the OGSE setup
is shown in Fig. 2 and further described in Ref. 16. An off-axis (by
an angle 9.53°) parabola with a diameter of 20.3 cm and a focal
length Fc,y of 1538 mm is employed as a collimator whose focal
plane is matched to the test slit. The test slit has a physical clear
aperture of 0.075 x 3 mm?. Given the magnification ratio of the
setup (MR = Fuyajs/Feon = 0.156), the slit image seen by MAJIS
corresponds to a size of 12 x 468 ym® = 0.33 pixel x 13 nominal
pixels on the MAJIS focal plane. The test slit axis can be oriented
along the vertical or horizontal direction depending on the mea-
surement to be performed (see Fig. 1). The test slit is mounted on
a circular mechanical mount whose center corresponds to the opti-
cal axis so as to set it in either vertical or horizontal direction. As the
MATJIS slit is oriented along the vertical direction during the mea-
surements, the slit function is measured when the test slit is placed
in the vertical direction and the pixel function is measured when the
test slit is oriented in the horizontal direction. The test slit can be
moved along the horizontal or vertical direction by a 2-axis motor-
ized linear stage (Micronix PPS-60-41310) so as to perform spatial
scans within the instrument’s FOV with an accuracy position of
+1 ym in the OGSE focal plane. The zero order of a monochroma-
tor (ACTON RESEARCH SP-2355i) is employed as a light source.
This solution has been implemented to perform spatial and spectral
characterizations by adopting a common setup without the neces-
sity to introduce significant changes in the OGSE configuration. The
spatial scan measurements were repeated two times: the first time
the monochromator is equipped with a Quartz Tungsten Halogen
(QTH) lamp source and a diffraction grating optimized to maximize
the signal in the VISNIR spectral range, and a second scan is made by
replacing the QTH source with an IR emitter (model 6363 by Oriel)
and changing the grating to reach high efficiency at IR wavelengths.
In both cases, the input and output slits of the monochromator are
set with an aperture of 2 mm. The monochromator’s exit slit is ori-
ented along the vertical axis, and the zero order light beam at the exit

FIG. 2. Configuration of the OGSE setup realized in Leonardo Company (LND)
for the characterization of the MAJIS OH: 1. monochromator, 2. monochromator's
source, 3. test slit, mounted on a rotating and translating X-Y stage, 4. collimator's
secondary mirror, 5. collimator’s off-axis parabola, 6. reference cube mirror, and 7.
hexapod mount. The collimated optical beam is rendered in red. Image courtesy:
Leonardo.
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TABLE |. Hexapod BREVA—positioning performances’ specification for pivot point.
Displacements are relative to the single axis with the other ones positioned at
half of their stroke. Repeatability is given accordingly to ISO 230-2: unidirectional
repeatability is given within +2 standard deviations.

Hexapod Displacement

DOF axis by axis  Resolution Repeatability = Accuracy
Tx +50 mm 2 ym +4 ym +50 ym
Ty +50 mm 2 ym +4 um +50 um
Tz +20 mm 2 ym +4 um +50 um
Rx +7° 1 arc sec +5 arc sec +50 arc sec
Ry +7° 1 arc sec +5 arc sec +50 arc sec
Rz +6° 1 arc sec +5 arc sec +50 arc sec

of the monochromator is aligned with the test slit. Since the physi-
cal width of the test slit (75 ym) is much more narrower than the
monochromator’s slit (2 mm), it is completely illuminated along its
axis in the slit function configuration, while only a part of it (2 mm
out of 3 mm) is illuminated during the pixel function scan. The
OGSE optical bench, over which are mounted the aforementioned
electro-optical elements, is fixed above a hexapod mount (Symetrie
model BREVA). Thanks to the 6 degrees of freedom of the hexa-
pod, it is possible to translate and rotate the collimated test beam
within the MAJIS field of view. In this way, the image of the test slit
can be acquired on different pixels across the instrument’s field of
view. The spatial characterization has been performed on three test
positions placed on the MAJIS boresight and on the two extremes
of the FOV. The hexapod positioning performances are calibrated
with respect to the pivot point placed on the collimator’s pupil.
With respect to the pivot point, located at position Xp = +364 mm,
Yp = —=54.6 mm, and Zp = +266 mm from the center of the mobile
platform, the hexapod performances make it possible to reach the
displacements, resolutions, repeatabilities, and accuracies reported
in Table I.

The OGSE is placed in front of the Thermovacuum Chamber
(TC) in which the MAJIS Optical Head (OH) is kept under vacuum
and at cryogenic operative temperatures by means of a dedicated
thermal control system. The optical beam of the collimator reaches
the MAJIS® entrance pupil by means of a window (made in CaF,
glass to guarantee high transmission across the 0.5-5.5 ym spec-
tral range) placed on the chamber’s door. During measurements,
the MAJIS scan mirror is kept fixed on the boresight position. Dur-
ing measurements, both MAJIS and the OGSE are controlled by
the Electrical Ground Support Equipment (EGSE), which manages
the configuration and the data acquisitions. In particular, during
the spatial scans, the EGSE controls the positioning of the test slit
through the 2-axis motorized Micronix linear stages and commands
the MAJIS acquisitions once it reaches the planned configuration.
In this way, all MAJIS measurements are synchronous because they
are performed on programmed and controlled configurations of the
optical setup. The telemetry of the OGSE configuration (positions of
the hexapod and linear stage, monochromator, source voltages, and
currents, etc.) is stored synchronously with the MAJIS acquisitions
so as to correlate science and OGSE telemetry data. Finally, for each
scan, MAJIS acquires dark current (closing the internal shutter) and

ARTICLE pubs.aip.org/aip/rsi

background data (switching off the light sources in the monochro-
mator) necessary to remove the detector’s and ambient noises. This
operation is performed during the post-processing of the data.

2. Calibration setup in IAS

A calibration device to characterize the radiometric, spectral,
and spatial performances of MAJIS has been developed at the Insti-
tut d’Astrophysique Spatiale (hereafter IAS). This device and the
details of the measurement campaigns are presented in Paper L.* In
the following, we briefly describe the setups and the measurements
from which the spatial characterization was inferred and checked.
The main setup dedicated to the spatial measurements is the so-
called optical path 1 (OP1) that provides a beam corresponding to
a collimated source with a small spatial extent. OP1 was mainly
composed of the following elements: (1) a light source, which can
be selected as a QTH lamp or a blackbody in order to provide a
flux covering the entire spectral range of the instrument; the QTH
lamp is mainly used for the VISNIR channel and the blackbody for
the IR channel; (2) a monochromator set at zero-order; and (3) a
series of mirrors, which project the monochromator zero-order out-
put to infinity, resulting in a beam wide enough to cover the entire
MATJIS input baffle. The monochromator output was a rectangular
slit of adjustable width. An additional and adjustable circular aper-
ture was also placed right after this slit. The source imaged by MAJIS
could thus have several spatial dimensions, from a rectangle of about
20 nominal pixels long to a few pixels wide, or a disk ranging from
one to a few pixels in diameter. The intensity profile of the source
disk is much closer to a Gaussian function than to a gate function
due to diffraction. OP1’s optical elements were located in an opaque
optical bench, flushed with nitrogen, and the beam was illuminat-
ing the vacuum chamber through the window, in which MAJIS was
installed on a mobile hexapod. With this OP1 source, scans with
steps of 1/5 IFOV were performed along-slit and across-slit (fixed
source, rotating MAJIS).

Other optical paths of the IAS calibration device were also used
to produce data useful for checking the spatial performances, espe-
cially the size of the FOV: they refer to “OP3, OP4, and OP5” setups.®
OP3 and OP4 provided a collimated source illuminating the entire
FOV of the two channels to assess the radiometric performances

TABLE II. Summary of the measurements performed in LND to derive MAJIS pixel
and slit functions measured on three positions of the FOV at nominal operative tem-
perature. Due to schedule constraints, only the slit function at boresight has been
measured at the minimum and maximum operative temperatures to verify stability.

Nom. Ty Min. Top Max. avg Top
tine (ms) tine (ms) tine (ms)
FOV
Function position VISNIR IR VISNIR IR VISNIR IR

-1.7° 40 11 NA. NA NA NA

Rev. Sci. Instrum. 95, 041301 (2024); doi: 10.1063/5.0203872
Published under an exclusive license by AIP Publishing

Pixel 0° 11 11 N.A. NA. NA NA
1.7° 20 11 NA. NA NA NA
-1.7° 20 28 N.A. NA NA NA
Slit 0° 15 20 50 22 50 22
1.7° 40 28 N.A. NA. NA. NA
95, 041301-4
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TABLE Ill. Summary of the measurements performed in IAS to derive the MAJIS
pixel function measured on three positions of the FOV and for two different optical
head temperature set points.

OHatT=126K OHatT=137K

ARTICLE pubs.aip.org/aip/rsi

absorption from the entry window and removing a parasitic ther-
mal background.® Finally, OP5 enabled the acquisition of images
in reflectance of a calibration synthetic target with a well-defined
edge and of natural rock samples to assess performance in terms
of pixel function. These data and their analyses are presented in
Paper V.!!

C. Measurement cases

tine (ms) tint (ms)
Function FOV position VISNIR IR VISNIR IR
-1.5° 400 60 N.A. N.A.
Pixel 0° N.A. 60 400 60
1.5° 400 60 N.A. N.A.

1. LDO

The spatial scans are performed on three positions of the FOV,

of the instrument.!’ These setups were also of special interest for
retrieving the size of the FOV, the co-registration between the two
MATJIS channels, and an estimate of the spatial response at the edges
of the FOV. Both OPs consist of an integrating sphere connected to
a light source (QTH lamp or black body emitter) to produce a flat
field large enough to cover the full FoV of MAJIS. The main dif-
ference is that OP4 was located in the thermal chamber, avoiding

PIXEL FUNCTION VISNIR (S=503-504, B=470)
w : 0" :

FWHM = 48.0172 micron

Center = 133.230 micron —|

FWHM = 43.6980 micron |

Center = 155.153 micron

Separation = 21.9227 micron

avg DN (BKG removed)

0 50 100 150 200 250
scan position(micron)

avg DN (BKG removed)

corresponding to boresight (0°) and near the left edge (-1.7°) and
right edge (1.7°) of the FOV. In this way, it is possible to verify
the variation in the spatial performances across the FOV. These
measurements are made with the MAJIS OH stabilized at average
operative temperature Top—ayg = 130 K. Possible changes in the spa-
tial response due to thermal stress were investigated by performing
the on-axis slit function measurement at the minimum and max-
imum expected temperatures corresponding to the operative cold
(Top-min = 110 K) and hot (Top-max = 150 K) cases. These measure-
ments are detailed in Sec. V. Table II reports the integration times
for the VISNIR and IR channels for each spatial scan.

PIXEL FUNCTION IR (S=494-495, B=550)
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FIG. 3. MAJIS pixel function measured profiles (solid lines) and fitted curves (dashed lines) on the on-axis position as measured with the LND setup at physical pixel resolution.
Left panel: VISNIR pixel function measured at sample = 503 (black) and 504 (blue) and at band = 470 (1347 nm). Right panel: IR pixel function measured at sample = 494

(black) and 495 (blue) and at band = 550 (3988 nm).

TABLE IV. MAJIS-VISNIR channel pixel function measured on three positions of the FOV and at two spectral bands 470
(corresponding to wavelength 1347 nm) and 870 (2083 nm) in LDO. The average FWHM measured on two physical (18 um)
contiguous pixels and on the nominal 36 um pixel is reported. The wavelength values associated with the bands are given by

the spectral calibration discussed in Paper IIl.9

FOV Center; Center; FWHM]gFm FWHM36Hm
position Sample; Sample, Band (ym) (pm) (um) (pm)

-1.5° 133 134 870 105.87 £0.13 126.17 +£0.23 24.31 £+0.20 26.74 +£0.22
-1.5° 133 134 470 111.43 £0.06 130.76 £ 0.29 23.98+0.20 26.38 £ 0.22
0° 503 504 870 129.62 +0.73 153.13+0.82 4594 +0.99 50.53 +1.10
0° 503 504 470  133.23 £0.72 155.15+0.76 45.86 £+ 0.93  50.45 + 1.02
1.5° 867 868 870 84.33+£0.92 100.71 £ 1.14 96.40 + 1.97 106.04 + 2.17
1.5° 867 868 470 80.37 £ 1.23  93.62+ 143 81.11 £2.94 89.22 +£3.23
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2. IAS

a. Monochromator scan. As for LDO measurement, the spatial
scans are performed on three positions of the FoV, corresponding

ARTICLE pubs.aip.org/aip/rsi

TABLE VI. Same as Table |V (VISNIR channel) but from IAS measurements at bands
150 (corresponding to wavelength 754 nm), 550 (1496 nm), and 700 (1770 nm). For
the measurements at the edge of the FOV (+1.7°), the reported FWHM corresponds
to the average values over several wavelengths.

to boresight (0°) and two offset field positions (—1.5°, correspond-
ing to the negative field, and 1.5°, corresponding to the positive
field, in the “left” and “right” parts of the FOV, respectively, accord-
ing to the nomenclature used in Paper IV'?). Spatial measurements
were acquired for two MA]JIS thermal configurations: optical head
at 126 K and detector at 88 K (nominal case, extended measure-
ments) and optical head at 137 K and detector at 96 K (hot case,
complementary measurements). In Table I1I, we report the integra-
tion times of the measurements performed at IAS to characterize
the pixel function. The size of the OP1 spot on the MAJIS detec-
tor was estimated to be around 40 ym (reps. 70 ym) on the VISNIR
(resp. IR) channel. After the calibration campaign, we noticed that
the OP1 monochromator flux provided a zero-order spectral profile
that was not constant from step to step. A high-frequency (sinusoid-
like on the IR channel) perturbation could be seen propagating
along the spectrum of the illuminating source. This perturbation
had a period of about 50 (28) physical pixels for the VISNIR (IR)

Data FOV FWHMigum FWHMsgum
OP position Sample; Sample, Band (pm) (pm)
opP3 -1.7° 150 44.2 49.82
opP3 -1.7° 550 36.3 43.56
opP3 -1.7° 700 51.7 56.38
oP1 -1.7° 138 139 550 43.3 49.1
OP1 -1.5° 138 139 700 41.52 47.66
OP1 0° 493 494 150 68.90 72.22
OP1 0° 493 494 550 47.17 52.34
OP1 0° 493 494 700 47.85 52.99
OP1 1.5° 850 851 700 102.27 104.4
orP3 1.7° 150 110.7 112.75
OP3 1.7° 550 52.3 56.88
OP3 1.7° 700 56.9 61.06

TABLE V. Same as Table |V but for MAJIS-IR channel at bands 150 (corresponding to wavelength 2713 nm) and 550

(3988 nm).
FOV Center; Center, FWHMigum FWHMiseum
position Sample; Sample, Band (um) (pm) (um) (um)
-1.5° 125 126 150 110.57 £ 0.25 128.72 +0.47 24.18 +0.41 26.60 + 0.45
-1.5° 125 126 550 128.92 +0.55 148.79 +0.27 25.34+0.46 27.87 +0.51
0° 494 495 150 105.87 +0.88 122.60 + 0.54 44.45+0.99 48.89 + 1.10
0° 494 495 550 118.11+0.59 134.25+0.38 48.41 +0.68 53.25+0.75
1.5° 864 865 150 132.50 £ 0.59 150.77 £ 0.53 33.13 +0.66 36.44 +0.73
1.5° 864 865 550 144.67 +0.69 162.67 +0.70 37.32 +0.82 41.05 + 0.90
1.0 4 A MAJIS - OP1 dat 0 .
f \\. —— Gaussian fit, ;l:ns FWHM = 47 um 1o / A\ .
/f' l‘»‘ /ﬁl \
0.8 | § 0.8 /i \}
/ t \
o /’ \ o J‘"' \
g / \ g [ \
206 / \ 206 /i \
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FIG. 4. MAJIS pixel functions measured profiles (blue lines) and fitted curves (orange lines) on the on-axis position as measured with the IAS setup. Left panel: VISNIR pixel
function measured at sample = 491 and at band = 550. Right panel: IR pixel function measured at sample = 486 and at band = 150.
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TABLE VII. Same as Table V/ (IR channel) but from IAS measurements at bands 150
(corresponding to wavelength 2713 nm), 550 (3988 nm), and 700 nm (4480 nm).

Data FoV FWHM]BMm FWHM36ﬂm
OP position Sample; Sample, Band (pm) (pm)
OP4 -1.7° 150 30.3 39.53
OP4 -1.7° 550 32.1 40.68
OopP4 -1.7° 700 35.9 43.27
OP1 0° 486 487 150 47.54 52.7
OP1 0° 486 487 450 49.20 54.07
OP1 1.5° 843 844 150 30.34 39.53
OP1 1.5° 843 844 450 46.14 51.48
OP4 1.7° 150 21.9 36.22
OP4 1.7° 550 27.7 38.16
OP4 1.7° 700 31.6 40.32

channel. To mitigate this effect, median filtering across 2 (4) peri-
ods was applied to the IAS VISNIR (IR) scan data prior to retrieving
the pixel response from a Gaussian fitting procedure. The measure-
ments dedicated to the slit function were, however, not exploitable
because of this input signal artifact.

b. Full FOV acquisitions. Acquisitions for which the entire FoV
was illuminated by a flat-field signal were used for determining the
FOV size and the position of the two channels on the detectors
and for deriving the pixel function response using a knife edge test
at the edges of the FoV (at —1.7°, corresponding to the negative
edge or “left” position of the detector, and 1.7°, corresponding to

ARTICLE pubs.aip.org/aip/rsi

the positive edge or “right” position of the detector according to
the nomenclature used in Paper IV'"). As presented in Sec. II B 2,
OP3- and OP4-based images provided such data for both channels.
The images were acquired using various integration times according
to the objectives of the radiometric calibration, and we selected the
most favorable frames to extract the spatial parameters.

I1ll. GROUND MEASUREMENTS AND RESULTS
A. Pixel function

During the pixel function scans, the test slit is translated per-
pendicularly to the MAJIS slit (Fig. 1). Each scan performed at LDO
(resp. IAS) consists of 31 (resp. 41) steps. Each LDO scan consists
of 31 steps. At each step, the test slit is shifted at increments of 46
um/step by the OGSE, corresponding to a shift of 7.2 ym on the
MALJIS focal plan. In total, the scan spans across ~6 (8 for IAS resp.)
nominal pixels or ~12 (resp. 16) physical pixels.

The data collected with the LND setup allow us to derive the
pixel function profiles as shown in Fig. 3 for two adjacent physical
pixels (sample;,», 18 um pixel) selected on the on-axis position. For
each scan are shown the best Gaussian fit profiles. The fitted FWHM
measured on the two samples under investigation and their sepa-
ration measured as the difference between the centers of the two
Gaussian fit curves are reported in Tables IV and V for the VIS-
NIR and IR channels, respectively. Apart from measuring the pixel
response FWHM, this method allows us to derive the effective sep-
aration between the two pixels as given by the distance between the
centers of the two Gaussians.

VI channel - Band N°550 - op3_qtc

1.0 1+ = Y
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1
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0.2
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Best fit: PSF = 22.68 um

893 894 895 896

897 898 899 900 901
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FIG. 5. Examples of an IAS OP3 observation knife edge fitting for the band = 550 of the VISNIR channel on the left edge of the FOV. The resulting FWHM of the pixel function

is indicated.
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Examples of the resulting pixel function profiles are shown in
Fig. 4 for a set of samples selected on the on-axis positions at IAS
premises.

The fitted FWHM measured on the two samples under investi-
gation (sample; », physical pixels of 18 ym) is averaged and reported
in Tables IV and V from LDO measurements, for the VISNIR and
IR channels, respectively, and for three positions of the field of
view. Similarly, the analysis of the scans from IAS measurements is
reported in Tables VI and VII. For the sake of brevity, rather than
reporting all scans and fit figures, we summarize the relevant results
in the aforementioned tables.

The signal at both edges of the slit can be modeled when the
FOV is fully illuminated, providing an alternative approach to eval-
uate the pixel function assuming that the shape is mainly due to
diffraction. The knife edge signal modeling is performed by fitting
a Gaussian instrument transfer function response convoluted to a
Heaviside step function. The center of the simulated pixels on the
resulting convolution is shifted to match the center of the pixels
observed on MAJIS acquisitions. This approach is quite successful at
modeling the evolution of the signal at both edges of the slit as shown
in Fig. 5. The knife edge tests from IAS measurement are reported in
Tables VI and VII.

Both datasets clearly show a progressive deterioration of the
VISNIR pixel function’s FWHMp at both wavelengths (750 and
1500 nm) when moving from the negative to the positive field.
In fact, the best performances are reached on the negative field
where FWHM <30 ym on the LDO dataset, while it increases up
to 130 ym on the positive field. This effect could be explained by a
residual mis-registration of the detector plane, which has not been
fully compensated during the alignment phase due to the program’s
schedule constraints. When comparing these results with the sci-
entific requirement (spatial FWHM <54 ym), we see that the pixel
function response is within the requirement on both negative and
on-axis positions, while it is out of the requirement by a factor ~2
on the positive field. The same approach adopted for the VISNIR
channel has been applied to derive the pixel function parameters for
the IR channel. In general, the signal on the profiles at band = 150 is
much lower than the one on the b = 550 profile, resulting in worse

SLIT FUNCTION VISNIR (S=504, B= 470)

FWHM = 57.1786 micron
1200 — : Center = 109.160 micron  —|

avg DN (BKG removed)
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scan position (micron)
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TABLE VIII. MAJIS-VISNIR channel slit function measured in LDO on three positions
of the FOV and at two spectral bands, 870 (corresponding to wavelength 2083 nm)
and 470 (1347 nm). The wavelength values associated with the bands are given by
the spectral calibration discussed in Paper 1.2

FoV Center FWHMigym FWHM;eum
position Sample Band (um) (um) (um)

-1.5° 146 870 94.16 + 0.26 43.33 + 0.35 47.67 + 0.38
-1.5° 146 470 93,52 +£0.26 42.87 £+0.35 47.16 + 0.38
0° 504 870 111.05+0.81 54.87 +1.36 60.36 + 1.50
0° 504 470 109.16 £ 0.99 57.18 £ 1.73 62.90 + 1.90
1.5° 872 870 93.65 + 0.25 43.99 + 0.33 48.39 + 0.36
1.5° 872 470 9295+ 0.26 43.75+0.35 48.12 +0.38

fits. A similar trend is observed in the IAS measurements at band
150 vs 450 (Table VII). Differently from the VISNIR channel, the IR
response is characterized by a better FWHMp across the entire field
of view at both spectral bands, showing a measured FWHM better
than the scientific requirement (54 ym) in most cases.

B. Slit function

During the slit function scans performed in LDO, the test slit is
placed parallel to the MAJIS slit direction (Fig. 1). Also in this case,
each scan spans across 31 steps. On each step, the test slit position is
shifted at increments of 46 ym/step by the OGSE corresponding to
a shift of 7.2 ym on the MAJIS focal plane. This value corresponds
to 0.2 pXnom, where pXuom = 36 ym is the nominal pixel obtained by
binning two physical pixels of 18 ym each. In total, the scan spans
across ~6 nominal pixels or ~12 physical pixels. Analyzing the evo-
lution of the signal measured by a given pixel during the scan, we
observe a null signal when the position of the test slit falls well out-
side the pixel’s position followed by a fast increase when the two
positions are intercepting each other. The signal reaches a maximum
when the test slit’s position is aligned with respect to the pixel cen-
ter and immediately after it decreases again. The overall shape of the

SLIT FUNCTION IR (S=485, B=550)

1200

FWHM = 63.8151 micron
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FIG. 6. Examples of MAJIS slit function measured (black points) and fitted (red lines) profiles on the on-axis position with the LDO setup. Left panel: VISNIR slit function
measured at sample = 504 and band = 470 (1347 nm). Right panel: IR slit function measured at sample = 485 and band = 550 (3988 nm).
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TABLE IX. Same as Table VIII but for the MAJIS-IR channel at spectral bands 80
(corresponding to wavelength 2500 nm) and 550 (3988 nm).

FoV Center FWHM]gym FWHM36[4m
position Sample Band (pm) (pm) (pm)

-1.5° 118 80 80.06 +£ 0.60 61.78 £ 0.90 67.96 + 0.99
-1.5° 118 550 84.65 + 0.78 68.74 + 1.36 75.61 + 1.50
0° 485 80  92.67+0.80 44.49+1.09 4894+ 1.20
0° 485 550  84.37+£0.69 63.81+1.06 70.19 +1.17
1.5° 854 80 109.59 £0.68 39.11 £ 0.90 43.02 + 0.99
1.5° 854 550 105.65 +0.63 46.58 + 0.91 51.24 + 1.00

profile is simil-gaussian, with deviations caused by the not perfectly

symmetrical response of the OGSE and of the instrument.
Examples of slit function profiles measured on the on-axis posi-

tion are shown in Fig. 6 for a given pixel for both VISNIR and IR
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channels. For each spatial scan are shown the best Gaussian fit pro-
files. For the sake of conciseness, we do not include the figures for
each single scan but only the results of the fits in Table VIII for the
VISNIR channel and in Table IX for the IR channel.

For the VISNIR channel, the measured values of the slit func-
tion FWHM are, in general, within the requirement (spatial FWHM
<54 ym), with only a very small deviation on the on-axis position.
For the IR channel, we measure FWHM values higher by at most 10
um than the requirement (spatial FWHM <54 ym) on three out of
six cases, e.g., on the on-axis position at b = 550 and on both bands
on the negative field.

C. VISNIR and IR channels’ alignment during
the on-ground calibration

The two 1024 x 1024 Teledyne detectors are illuminated by the
instrument’s FoV across 800 consecutive rows of 18 ym pixels, while
the dispersion of wavelengths occurs over 1016 columns of 18 ym
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FIG. 7. Model fit with the spatial profile of the signal measured at FoV position —1.7° (left edge of the FOV, left panel) and at 1.7° (right edge of the FOV, right panel) for band
550 on the VISNIR channel (top panels) and on the IR channel (bottom panels). The blue points correspond to the profiles observed during ground calibration with OP3 and
OP4 |AS setups, and the orange points correspond to the best fit points. The vertical dashed lines indicate the retrieved FOV edges.
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TABLE X. Position of the start and end rows of the FoV for both channels from OP3 and OP4 data.
VISNIR band Bottom Top IR band Bottom Top
(source) (px number) (px number) (source) (px number) (px number)
150 95.68 895.60 150 90.66 891.00
550 95.83 898.15 550 89.72 890.50
700 96.86 897.38 700 89.20 890.33

spectels. The focal plane electronics have the capability of reading
out only part of the 1024 rows corresponding to the exact size of
the image. This window is defined by the start row and the number
of rows (maximum value: 1024—start row value). The knowledge
of the FoV start row (row value corresponding to the edge of the
nominal FoV) is critical for the nominal operation of the MAJIS
instrument. For the vast majority of in-flight acquisitions, 400 nom-
inal pixels corresponding to 800 rows will be transmitted so as to
cover the full FOV, removing rows with no signal. The position
and the size of the instrument’s FoV were measured using various
sources during the calibration campaign. They can be monitored in-
flight thanks to acquisitions with the ICU (Internal Calibration Unit,
see Sec. VII).

The start row is defined as the physical pixel for which the signal
level reaches half of the stabilized signal ( ).

The results of the nominal FoV positions (start row, end row)
for both channels are shown in . The sizes of the nominal
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FoV for both channels are in line with the expected nominal size
(800 rows). For the VISNIR channel (resp. the IR channel), the rows
selected based on these ground measurements are 96-895 (resp.
90-889). The start row is thus not the same for both channels due to
a mis-registration between them. This offset between the two chan-
nels along the slit direction is compensated by telecommand since
the start row can be different for the VISNIR and IR channels thanks
to one dedicated parameter for each channel. It should be noted that
the VISNIR FoV has a small rotation along wavelength (see Sec. V).

IV. ENSQUARED ENERGY DERIVATION

Taking advantage of the repeatability of the measurements on
the same pixels during the VISNIR spatial scans, it is possible to
derive the Ensquared Energy Distribution (EED) for the on-axis
position at bands 150 and 550. The EED allows for measuring the
fraction of the flux effectively measured by one pixel with respect

MAIJIS VISNIR
slit fer at: b150_s504
pixel fet at:

EQV position: on axis

nicron) energy

Ensquared energy=0.328065

150

) 100
slit funcrion scan position (micton)

FIG. 8. Ensquared energy distribution computed for the VISNIR channel at b = 150 and physical sample = 504 (on-axis position). Left panel: normalized slit and pixel
functions as a function of spatial scan. Right panel: EED derived from the normalized slit and pixel functions. The colors run from white (=1) to green (=0.5) to black (=0).
The total energy value corresponds to the integral computed on the entire distribution, while the nominal pixel energy refers to the integral limited to the 36 x 36 um? (white
square) area. The ensquared energy value (32.8%) is the ratio between the total energy and the energy effectively measured by the pixel.
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FIG. 9. The same as
to the flux in input. The EEDs shown in and 9 are built

from the interpolation of the pixel (along the vertical axis) and slit
functions (along the horizontal axis). The white square corresponds
to the nominal pixel (36 x 36 um”) over which it is integrated the
relative flux. A similar analysis cannot be repeated for the IR chan-
nel because we do not have enough measurements taken during the
pixel and slit function scans on a suitable set of paired pixels.

V. VARIABILITY OF THE SPATIAL RESPONSES
AS A FUNCTION OF THE INSTRUMENT
OPERATIVE TEMPERATURE

A. Slit function

Since the MAJIS instrument is operating at cryogenic tem-
peratures by mean of a passive thermal design,' its equilibrium
temperature depends on the thermal environment occurring on the
interfaces with the spacecraft bus and from the orientation of the
passive radiators with respect to nearby objects. One radiator is cou-
pled to the OH structure (including the VISNIR detector), and a
second one with the IR detector. The MAJIS optical head struc-
ture is designed to be isothermal in order to avoid thermal gradients
among the different optical elements and to minimize instrumental
response drifts with temperature. This has been achieved through
a detailed sensitivity study of the optical design® and by adopt-
ing aluminum to manufacture the optical bench structure, mirror
surfaces, and mirror mountings to guarantee a constant thermal
expansion coefficient. These solutions are aiming to guarantee a sta-
ble spatial response of the instrument within the range of operative
temperatures (min = 110 K, avg = 130 K, max = 150 K). The nom-
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but at b = 550 and physical sample = 504 (on-axis position). In this case, the ensquared energy value is 34.5%.

inal, minimum, and maximum ranges of expected temperatures are
computed through an engineering thermal model and reflect differ-
ent orbital scenarios of the mission (see details in Ref. 1). For this
reason, it is important to verify any possible deviation of the instru-
ment response measured in the nominal thermal case when the OH
temperature reaches the minimum or the maximum expected tem-
perature because some scientific observations will occur under such
conditions. and XII detail the results of the measurements
of the slit functions performed on two physical pixels at the min-
imum and maximum operative temperatures for the VISNIR and
IR channels, respectively, using the LND setup. The correspond-
ing pixel function measurements were not performed due to the
compressed schedule of the calibration campaign.

TABLE XI. MAJIS-VISNIR channel slit function measured on-axis at two spectral
bands, 870 (corresponding to wavelength 2083 nm) and 470 (1347 nm), as a function
of the operative temperature of the OH. The AFWHM corresponds to the difference of
the FWHMjg,,m at min and max temperature cases with respect to the nominal one.

Top FWHMigum FWHMsgm AFWHMigum
(K) Sample Band (ym) (ym) (ym)
Min 504 870 58.12+1.42 6393 +1.56 3.57 +3.06
Min 504 470 58.16 £+ 1.40 63.98 £1.54 1.08 + 3.44
Nom 504 870 54.87 £1.36 60.36 + 1.50

Nom 504 470 57.18 +1.73 62.90 +1.90 e

Max 504 870 51.35+1.33 5648 +1.46 -3.88+2.96
Max 504 470 51.83+1.39 57.01 £1.53 -589+343
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TABLE XII. MAJIS-IR channel slit function measured on-axis at two spectral bands,
80 (corresponding to wavelength 2500 nm) and 550 (3988 nm), as a function of the
operative temperature of the OH. The AFWHM corresponds to the difference of the
FWHM at min and max temperature cases with respect to the nominal case.

Top FWHMgm FWHMsgm AFWHMigum
(K) Sample Band (pm) (um) (pm)
Min 532 80 62.35+1.05 6858+1.15 19.64+2.35
Min 532 550 56.32+095 61.95+1.04 -824+221
Nom 485 80 4449 +£1.09 4894 +1.20

Nom 485 550 63.81+1.06 70.19+1.17 s
Max 540 80 5428 +£0.92 59.71 £1.01 10.77 £2.21
Max 540 550 66.74+1.12 73.41 +1.23 3.22 £240

TABLE XIll. Comparison of the pixel function for the IR channel at two wavelengths
and at two different temperatures.

TOH Sample1 Samplez FWHM]gllm FWHM36ﬂm
(K) (pm) (um)  Band (um) (um)
126 486 487 150 47.52 52.30
126 486 487 450 49.20 54.12
137 486 487 150 34.06 37.47
137 486 487 450 60.98 67.08

The measurements show different trends of the instrument
response as a function of the temperature: on the VISNIR channel,
we observe an improvement in the slit function at the maximum
temperature where the FWHM becomes smaller by a few microme-
ters. At the minimum temperature, instead, a marginal worsening
occurs. On the IR channel, we observe, in general, a broadening
of the slit function FWHM with respect to the nominal case at
the maximum temperature, while for the minimum temperature
case, the two pixels show an opposite behavior on the two bands.
Finally, it is interesting to note in Tables XI and XII how the spa-
tial performances of the VISNIR channel are, in general, better and
less sensitive to instrument’s temperature changes than the ones
measured on the IR.

B. Pixel function

The MAJIS optical design was developed to maintain similar
performances under different operative temperatures. However, the
exploration of the thermal effect was very limited because of the
schedule constraints. The pixel spatial response of the IR channel
has been explored from the IAS dataset at two different temperatures
(Table XIIT). Based on the limited set of measurements, no variation
is observed.

VI. MEASUREMENT OF THE KEYSTONE DISTORTION

Keystone is an optical distortion affecting the response of grat-
ing spectrometers'” introducing a pixel to pixel magnification, which
changes with the wavelength. The net effect is a spectral tilt of the
spectrum along the focal plane. The MAJIS optical design includes
corrective elements along the optical path of the spectrometers

ARTICLE pubs.aip.org/aip/rsi

able to compensate for the keystone aberration to a degree below
1 nominal pixel across the full spectral range and field of view.
Moreover, the instrument’s opto-mechanical design has been real-
ized with the aim of guaranteeing a high level of alignment among
the spectrometer’s slit direction, the grooves’ direction of the two
gratings, and detectors’ sides. Thanks to the adopted calibration
approach, the spatial scans used for the pixel function (Tables IV
and V) are suitable to measure the keystone effect by calculating
the difference between the centers of a given pixel sample position
(for example, for the VISNIR 133 or 134 for the negative field case;
503 or 504 for the on-axis position; 867 or 868 for the positive field)
between the two spectral bands (b = 150, b, = 550). As an example,
on sample 503, we measure a difference between centers’ positions
equal to A = Center; (b = 150) — Center;(b = 550) = (129.62 + 0.73)
- (133.23 £ 0.72) = —3.51 +1.45 pym corresponding to a keystone
angle of

A
tg(aKey) dpe - (b2 —b1) > (4)
or an agey = —2.79 x 1072, The resulting keystone, or maximum
displacement between the two extreme spectral bands on the detec-
tor, is equal to Agey = tg(akey) - (18 pm-1024) = —8.99 um. A similar
calculation applied on the whole dataset gives the results shown in
Tables XIV and XV.

The VISNIR channel keystone distortion results shown in
Table XIV evidence a negative angle trend from the axis toward
the negative field and a positive angle on the positive field. Over-
all, the effect is very small and well within the scientific requirement
of Akey < 36 ym. On the contrary, for the IR channel (Table XV),
the keystone is similar to the requirement for the on-axis and on

TABLE XIV. Keystone distortion on MAJIS-VISNIR optical channel.

FOV

position  Sample A (um) aKey (deg) Akey (4m)
-1.5° 133 —-5.56723. —4427427. 1072 -14.237837
-1.5° 134 4597207 3657324, 1072 _11.7573%42
0° 503 -3.61°%0¢  -2.877405- 107 —9.247373.
0° 504  -2.0273% -l6105%- 107* 517259
1.5° 867 3.9654 3.15%8¢, . 1072 10.13535*
1.5° 868 7.099:58 5.645 . 1072 18.152472

TABLE XV. Keystone distortion on MAJIS-IR optical channel.

FOV

position Sample A (ym) aKey (deg) Akey (um)
-1.5° 125 -18.357153% -0.15-51% —46.98744%3
-15° 126 —20.07730:3 -0.16251> —51.3874538
0° 494 122471977 —9.747857 . 107*  -31.337%%37
0° 495 11650197 927784 . 107% —29.827%1%
1.5° 864  —12.17719% 9687367 . 1072 -31.1522,%%
1.5° 865  —11.90715%7 -9.477%%%,- 107* -30.4673531
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TABLE XVI. Pixel functions for 36 ym pixel retrieved from ICU measurements performed during the ground calibration and

NECP.
ICU ground data ICU flight data

FOV FWHM VISNIR FWHM IR FWHM VISNIR FWHM IR
position Band (um) (um) (um) (um)
-1.7° 150 39.80 35.09 37.68 37.44
-1.7° 550 43.80 33.91 41.68 38.15
-1.7° 700 46.86 31.79 4545 35.09
+1.7° 150 127.40 26.61 127.63 27.08
+1.7° 550 95.84 29.67 87.83 30.38
+1.7° 700 97.25 31.79 90.90 32.03

the positive field but reaches values larger by ~11-15 ym than the
requirement on the negative field pixels. The analysis of the smile
distortion, e.g., the curvature of the slit image on the detector, is
described in Paper I11.’

VII. EVOLUTION AFTER LAUNCH

The first flight acquisitions were acquired two months after the
JUICE launch on April 2023 during the Near-Earth Commissioning

Phase (NECP) that encompassed the initial operations of all instru-
ments on the spacecraft. For MAJIS, a set of full functional tests
have been run including a sequence of measurements with the ICU.
The ICU uses two light sources, a Quartz Tungsten Halogen (QTH)
lamp and a black body (IR emitter), both illuminating a diffusive
target. The scattered beam from both ICU light sources fully cov-
ers the FOV of MAJIS.® The diffusive target surface is realized with
a specific roughness and optical treatment to optimize its bidirec-
tional reflectance toward the telescope axis."” This internal optical

1.2 T T T T T T

1.0 VISNIR channel

0.8

0.6

0.4

normalized ICU signal

0.0 ; 0

VI 18 um pixel

100 105

IR channel

0.8

0.6

0.4

normalized ICU signal

0.2

0.0

80

90 95

IR 18 um pixel

FIG. 10. Signal of the ICU lamp at the left edge of the FOV for the VISNIR channel (top panel) and the IR channel (bottom panel) in the middle of the spectral range (spectel

512). The blue line profile is the one obtained during calibration. The green line profile is

the one obtained after launch. The dashed lines correspond to the best estimate of

the 50% level before and after launch. The red stars correspond to the profile before launch shifted to the right by 3.7 pixels (VISNIR) and shifted to the left by 2.3 pixels (IR).
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TABLE XVII. Position of the start and end rows derived from the ICU acquisitions obtained during the NECP.

Channel VISNIR IR

Bottom Top Shift w.r.t Bottom Top Shift w.r.t
Band pxnumber pxnumber ground calibration px number px number ground calibration

150 99.66 897.23 3.98 87.89 888.85 -2.35

550 100.43 899.31 3.81 86.86 888.28 -2.32

700 100.62 899.33 3.78 86.51 887.96 -2.31

system provides reference signals necessary to perform in-flight cal-
ibration sequences with the QTH optimized for the VISNIR spectral
range and the black body for the IR spectral range. The two sources
are equipped with a transmission filter, exhibiting spectral absorp-
tions that can be used as a reference for monitoring the instrumental
spectral response along the mission.” We present in the next subsec-
tions the analysis of the ICU sequences acquired during the NECP
that are compared with the same sequences acquired during the
ground calibration. During the NECP acquisitions, the OH temper-
ature was 133.5 K, a temperature intermediate between those used
for the calibration acquisitions (126 and 137 K).

A. Pixel function

When there is little or no stray light, the evolution of the signal
at both edges of the slit can be modeled based on a Gaussian-
shaped function, as shown previously (Sec. I1I A). For a given spectel,
the resulting best fit FWHM at the physical pixel level (18 ym) is

TABLE XVIII. Summary of MAJIS spatial response performances.

very similar during calibration and post-launch, indicating that the
spatial resolution has remained the same (Table XVT).

B. Channels cross-alignment

The comparison of ICU acquisitions performed after launch
(near earth commissioning phase) with that performed during cali-
bration showed that there was a shift in the position of both FOVs,
most likely due to launch vibrations. As shown in Fig. 10, the left
edge of the VISNIR FOV moved to the right by ~3.7 pixels and the
left edge of the IR FOV moved to the left by ~2.3 pixels. As dis-
cussed in Sec. I1I C, the start row of the acquisition window can be
selected by TC independently for the VISNIR and IR channels. Due
to the slight tilt of the detector, there is a small shift of FOV shifts
with wavelength (by ~2 pixels for the VISNIR channel). Therefore,
it is best to select the read-out window on the basis of the FOV as
observed from the central wavelength (spectel 512), which leads to
a positioning of the read-out window from rows 100 to 899 for the

VISNIR channel

IR channel

Datasets,

OH temperatures

LDO (Ton = 130 K) and IAS (Toy = 126-137 K) campaigns

FOV

100 < samples < 899 87 < samples <886

FOV rotation angle

<2 physical pixels
<2 physical pixels

Co-registration along slit

—5 (resp. —7.5) physical px from VI to IR channel for b = 150 (resp. b = 700) using ground measurements
—12 (resp. —14) physical px from VI to IR channel for b = 150 (resp. b = 700) using NECP measurements

52-72 ym at on-axis position 52-54 ym at on-axis position

FWHM along slit (36 ym) 44-50 ym on FOV left edge 40-43 um on FOV left edge
52-113 ym on FOV right edge 36-40 ym on FOV right edge
FWHM across slit (36 ym) 55-60 ym at on-axis position 45-60 yum at on-axis position

45-50 ym at FOV = +1.5° positions 45-55 ym at FOV = £1.5° positions

Deviation due
to OH temperature

FWHM across-slit = 50-55 ym on-axis Toy = 110-150 K
FWHM along-slit = N.A. for non-nominal Toy

FWHM across-slit = 50-55 pm for on-axis, Toy = 110 K
FWHM across-slit = 60-75 ym on-axis, Toy = 150 K
FWHM along-slit = N.A. for non-nominal Toy

Keystone

None Up to 1.4 px for 36 ym pixel
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VISNIR channel and from row 87 to row 886 for the IR channel (see
Table XVII).

VIll. CONCLUSIONS

The spatial response of the MAJIS instrument has been char-
acterized on different positions across the field of view, at different
wavelengths, and within the range of expected operative temper-
atures. The analyses show a substantial compliance between the
measured performances and the scientific requirements, as summa-
rized in Table XVIII. Further improvements will be possible in the
near future thanks to stellar observations planned during the cruise
phase, which will allow us to check the evolution of the instrument’s
spatial response under flight conditions.
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NOMENCLATURE

AIV assembly, integration, verification

ASI Agenzia Spaziale Italiana

CNES Centre National d’Etudes Spatiales

EED ensquared energy distribution

EGSE electrical ground supporting equipment
FoV field of view

FWHM full width at half maximum

IAS Institut d’Astrophysique Spatiale, Orsay
ICU internal calibration unit

IFOV instantaneous field of view

IR infrared (MAJIS spectral channel)

LND Leonardo Company

MAJIS moons and jupiter imaging spectrometer
ME main electronics

MLI multi-layer insulation

OGSE optical ground supporting equipment
OH optical head

OP optical path

QTH quartz tungsten halogen (lamp)

TMA three-mirror anastigmatic (telescope)
VISNIR visible-near-infrared (MAJIS spectral channel)
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