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ABSTRACT

The analysis of recent Earth observation spectrometer missions revealed the impact of spatially heterogeneous
Earth radiance scenes on the spectral accuracy of the instruments. One of the most critical observations is the
distortion of the instrument spectral response function (ISRF) induced by radiometric contrast in the Earth
radiance scene. In order to meet the high precision and accuracy of quantifying the spatial distribution of the
atmospheric composition, stringent requirements on the ISRF knowledge are defined such as shape stability,
centroid position of the spectral channel centre and the Full Width at Half Maximum (FWHM).

In the framework of the CO2M A/B1 study, Airbus investigated a new slit concept called 2D-slit homogenizer
(2DSH) for the mitigation of spatially non-uniform scenes. This is done by replacing the classical spectrometer
slit with non-circular core multimode fibres, which scramble the light in along-track (ALT) and across-track
(ACT) direction and hence average the contrast of the Earth scene in both dimensions. The final 2DSH will be
made of several adjoined fibres, assembled in a bundle. A single fibre core dimension defines the spectral extent
of the slit (ALT) and the minimum achievable spatial sample (ACT). Consequently, the full swath width covered
by the instrument is given by the total size of the fibre bundle in ACT.

Here, we present an experimental validation of the 2DSH in terms of scrambling efficiency and radiometry. In
order to probe the fibre characteristics for non-uniform scenes, we designed and constructed a setup which allows
us to track and tune multiple high contrast scene cases as a fibre input facet illumination. The scrambling
efficiency performance of the fibre is assessed by measuring the near- and far-field intensity distribution of
light transmitted through the fibre for different scene cases. Furthermore, we analyze the impact of focal ratio
degradation in terms of radiometric losses and compare the results in the NIR and SWIR wavelength for different
stress cases on the fibre.

Keywords: Earth observation, Slit homogenizer, Spectrometer, Remote Sensing

1. INTRODUCTION

The impact of heterogeneous scenes on the spectral accuracy of space-borne imaging spectrometer was recog-
nized and discussed in several recent Earth observation missions, such as the Ozone Monitoring Instrument
(OMI),! Sentinel-4,2 TROPOMI?* and Sentinel-5/UVNS.> 6 In such space-borne imaging spectrometers, the
Earth radiance scene gets imaged by the telescope onto the instrument entrance slit plane. In the subsequent
spectrograph, the slit illumination gets spectrally resolved by a dispersive element and re-imaged on the focal
plane array (FPA) by imaging optics. The slit image for a monochromatic wavelength on the detector is called
the instrument spectral response function (ISRF). It is given by a convolution of the slit illumination, the optical
point spread function (PSF) of the spectrometer imaging optics and the FPA pixel characteristics. As the slit
illumination is directly related to the observed Earth scene, a scene heterogeneity also results in a non-uniform
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slit illumination. Consequently, the shape of the ISRF varies with the observed scene. As the ISRF is the direct
link between the radiative transfer model and the observed spectrum by the instrument, a scene dependent ISRF
will have an immediate impact on the quality of the trace gas retrieval products.

The CO, Monitoring Mission (CO2M) aims to quantify sources and sinks of carbon dioxide (CO,) and methane
(CH,) by measuring their distribution in the atmosphere. In order to meet the retrieval precision and accuracy
goals, several spectral requirements are formulated in the stability of the ISRF under the condition of hetero-
geneous scenes. For a sharp contrast scene, which corresponds to a sudden transition from bright to dark slit
illumination in the middle of a spectral sample, the ISRF in-flight shape knowledge has to be better than 1.5%
and the position of the spectral centre channel shall be known with accuracy better than 0.002 nm (NIR).

In the framework of the CO2M A/B1 study, we investigated a new slit concept called 2D-Slit Homogenizer
(2DSH). This slit concept replaces the classical spectrometer slit with non-circular core multimode fibres, which
scramble the light in across-track (ACT) and along-track (ALT) direction. The dimension of each rectangular
fibre core represents a single spatial and spectral sample of the instrument. The along-slit dimension of the fibre
defines the spectral extent of the slit and the ACT dimension represents the minimum spatial sample. The full
swath width of the instrument is given by the total size of the fibres across the slit.

In this contribution, we investigate the scrambling performance of a non-circular fibre-based slit for different
Earth scenes and particularly discuss the near field (NF) and far field (FF) homogeneity after the fibre. Further,
we assess the radiometric losses due to focal ratio degradation (FRD).

2. OPTICAL SETUP

The purpose of the setup is to assess the scrambling performance of the fibre and the radiometric losses due to
FRD. For the tests conducted in this paper, we used a NIR-(780 nm) and SWIR (1550 nm) laser source. Figure
(2) shows the experimental setup of the measurements. The first part of the setup consists of an illumination
system, which is used to simulate a homogeneous telescope pupil and a tunable Earth scene. A two-dimensionally
adjustable slit at the output port of the integrating sphere defines the shape and size of the emitted beam. The
slit itself is re-imaged again onto the fibre entrance plane, representing the Earth scene. An adjustable aperture
in the telescope pupil plane is used to set the F-number (F'#) of the beam which is fed into the fibre. A
beamsplitter in the telescope pupil plane allows to track the back reflection of the fibre input, which gets imaged
using an additional camera. This allows to precisely track and tune the applied fibre input illumination. After
the fibre, we re-image the fibre NF output by a microscope objective with x4 magnification. The FF is directly
measured by placing a camera at several centimetre distance after the fibre output port, where the exact camera
position is controlled by a 3D-motorized translation stage. The setup is depicted in Fig. (2). In the frame of
this study, we tested two different lengths of rectangular core fibres provided by CeramOptec. They share the
same core dimension of 300 x 100 wm £ 2 % (ACT/ALT) and a cladding of 180 x 350 um +2 % (ACT/ALT).
The fibres are custom made by CeramOptec and have their outer coating remove on the fibre tips to minimise
the blind gap. The first set of fibres has a length of 50 mm £+ 3mm and the second set of 100 ¢m £+ 5 mm.

Fiber 02332-2 (100x300/180x350)

(Serie# - Input) cladding
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Figure 1: (Left) Commercial off-the-shelf rectangular fibre by CeramOptec. (Right) Custom fibre by Cer-
amOptec with the outer coating removed on the fibre tips to minimise the blind gap.
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Figure 2: Schematic presentation of the fibre-test setup to measure the near and far field intensity distribution
of the fibre output.

3. NEAR-FIELD AND FAR-FIELD INTENSITY DISTRIBUTION

The ISRF is given by the convolution of the geometrical image of the slit on the FPA, the spectrograph PSF
and the detector pixel characteristics. In order to test the impact of non-uniform illumination at the entrance
of the 2DSH on the ISRF stability, we assess the scrambling performance of the fibre in the NF. Moreover, the
spectrograph PSF is the Fourier transform of the light distribution in the spectrograph pupil plane. Therefore,
if the far field illumination at the exit of the fibre is a function of the illumination pattern at the entrance of
the fibre, then the ISRF in the context of heterogeneous scenes will also be affected due to PSF variations. The
strength of this effect is mainly driven by the geometrical optical aberrations present in the spectrograph.

3.1 Near-Field

In order to test the NF scrambling performance, we illuminated the fibre with a high-contrast scene in ALT,
where 50% of the fibre entrance is illuminated. Note that these scenes are not representative of real scenarios for
a push-broom spectrometer with finite integration time and finite FoV. During the integration time, the scene
contrast will be smeared over the entrance slit due to the movement of the platform. However, such scenes are
conveniently used in experimental measurements. We repeated the test for a fibre length of 50 mm and 100 cm.
Figure (3) shows the fibre input illumination and the respective fibre output in the NF for the short fibre. The
cross-section of the fibre output intensity distributions keeps a prominent residual gradient depending on the
symmetry of the fibre input illumination. This will directly translate into ISRF error in terms of shape and
centroid. We repeated the measurement for the long fibre (100 cm) and the results are shown in Fig (4). The
homogenization of the fibre output is significantly better compared with the short fibre. Therefore we conclude
that the fibre length is a crucial parameter for the scrambling performance of a 2DSH.

Proc. of SPIE Vol. 11852 118520L-4
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Figure 3: Short fibre NF scrambling for non-uniform scenes in ALT.
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Figure 4: Long fibre NF scrambling for non-uniform scenes in ALT.
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3.2 Far Field

In space-based imaging spectrometers equipped with a classical slit, which is acting as a field stop, the telescope
pupil intensity distribution is, besides some diffraction edge effects in the slit plane, preserved in the spectrograph
pupil. However, when employing a fibre-based 2DSH, the spectrograph pupil will be altered with respect to the
telescope pupil, depending on the input illumination of the fibre. Figure (5) shows the FF intensity distribution
for the 100 cm long fibre. We applied a fibre illumination of 20% and moved the illumination spot in the ACT
direction of the fibre. The resulting FF intensity profiles for the two input illuminations have symmetric shapes,
which follow an inverse relationship depending on the illumination of the fibre entrance. Depending on the
position of the illumination, the FF intensity pattern has either a peak or a dip in the central spot. The general
behaviour of the FF was observed with monochromatic light sources (NIR and SWIR) as well as a broadband
source.
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Figure 5: Fibre FF intensity distribution obtained from a 100 cm fibre for two different antisymmetric fibre
inputs. The FF intensity pattern have symmetric shapes with either a peak or a dip in the centre, depending on
the location of the fibre input. The cross-section is plotted along the ALT direction.

W I Re MR WD e

The scene dependent spectrograph pupil intensity distribution will alter the spectrograph PSF on the FPA
and hence the ISRF shape and centroid stability. We quantify the FF impact on the ISRF by propagating the
experimentally acquired FF intensity distribution from Fig.(5) through a CodeV model of the Airbus CO2M
A/B1 design. The ISRF errors have been computed for three wavelengths of the spectral bands (NIR, SWIR1
and SWIR2). By that, we weight the aberration present in the respective spectrograph with the pupil intensity
distribution. Table (1) shows the resulting errors of the ISRF. Particularly the ISRF shape is strongly affected,
resulting in a variation of up to 0.67 %. Regarding the overall budget of 1.5%, we conclude, that the fibre FF
effects are a large contributor to the overall ISRF uncertainty budget and have to be mitigated.

Table 1: ISRF shape and centroid errors for non-uniform spectrograph pupil intensity distribution. The centroid
shift is given in units of the spectral resolution.

ISRF property NIR [780 nm] SWIRI1 [1600 nm] SWIR2 [2000 nm]
Shape error 0.67 % 0.38 % 0.39 %
Centroid shift (in AX) 0.24 pm 0.73 pm 0.93 pm

In order to recover the FF uniformity, we investigated a technique to induce appropriate mechanical stress on
the fibre. By slightly bending the fibre at small radii, the mode to mode coupling inside the fibre is increased. Fig.
(6) shows the recovery of the FF homogeneity for a high contrast non-uniform scene. Repeating the raytracing
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method to determine the remaining errors yields negligible contribution for ISRF stability budget due to the
fibre FF effect.

(a) Fibre input illumination (b) Fibre FF in homogenized configuration (¢) Fibre FF cross section

Figure 6: By applying appropriate mechanical stress to the fibre, the homogeneity of the FF intensity distribution
can be recovered.

We conclude, that using a sufficiently long fibre for a 2DSH is a necessary condition for efficiently homogenizing
the fibre NF output. Further, it is essential to stimulate the mode-to-mode coupling inside the fibre to retrieve
a homogeneous FF output. We investigated and tested a method to recover the FF homogeneity by applying
appropriate stress on the fibre by means of small bending radii. For practical reasons, this is only possible for
sufficiently long fibres. The concept for efficient NF and FF scrambling performance of a fibre-based 2DSH was
filed in a provisional patent application by Airbus (EP 20 305786.4).

4. FOCAL RATIO DEGRADATION (FRD)

An important quantity of optical fibres it the so-called focal ratio degradation (FRD), which describes a degrada-
tion of the input F'# into the fibre with respect to the output F'#. Depending on the sizing of the spectrograph
optics, this will lead to a loss of signal and will therefore affect the system SNR. We tested the FRD losses for
the 100 cm in a bended and straight configuration in the NIR and SWIR wavelength band. In the Airbus model
of the CO2M A /B1 study, the telescope pupil(Fi;# = 3.28)) is oversized with respect to the spectrograph pupil
(see Fig. (7)). Therefore, we quantify the losses due to FRD in the following way: we sum up all of the output
intensity after the fibre (red circle) and distribute it uniformly in the theoretical telescope pupil shape. Then we
cut out the spectrograph pupil of our model (black rectangle) and take the ratio of the theoretical homogeneous
pupil case and the real pupil intensity distribution after the fibre, which we define as the FRD losses. The
results are summarized in Tab. (2). We observe a maximum transmission loss of 8.8% in the SWIR wavelength
band. The applied mechanical stress in the bended fibre configuration has no significant impact on the FRD and
therefore seems feasible in terms of radiometric losses. We want to emphasise, that these results are specifically
linked to the assumed spectrograph pupil stop shape in our model.

Table 2: Radiometric losses due to FRD for a 100 c¢m long fibre in several mount and stress conditions.

Fibre configuration NIR [780nm] SWIR [1550nm]
Straight fibre 6.0% + 1.0% 8.8% 4+ 0.19%
Bended fibre 6.75% + 0.14% 8.0% + 1.40%
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Figure 7: Typical fibre output in the FF for a homogeneous input. The black shape is the spectrograph pupil
aperture baseline which is a rectangle with cut corners. The blue circle is the telescope pupil corresponding to
an F# of 3.28. The larger red circle (F# = 2.28) serves as a summation area in order to take possible FRD
broadening into account.

5. CONCLUSION

Accurate atmospheric composition measurements like the CO2 Monitoring Mission require a stable ISRF, which
needs to be insensitive to heterogeneous Earth scenes. The obtained experimental results in this paper yield
the conclusion, that several evaluation parameters have to be taken into account for efficiently homogenizing
the slit- and spectrograph illumination when using a 2DSH based on multimode fibres. The fibre length has to
be sufficiently long to provide strong mode-to-mode coupling and thereby to homogenize the fibre NF output.
Contrary to classical slits, a fibre-fed slit induces scene dependent spectrograph illuminations. Combined with
the geometrical optical aberrations present in the spectrograph, this leads to another source of ISRF instability
besides the slit illumination. Depending on the strength and type of aberrations, the error may become a high
contributor to the global ISRF stability budget. We propose a solution to recover the FF uniformity by inducing
appropriate mechanical stress by means of small bending radii applied to the fibre. Finally, we calculated the
radiometric losses due to FRD which are dependent on the input F'#, stress induced on the fibre and wavelength.
The results indicate that the spectral stability goals of the CO2M mission can be met under the proposed 2DSH
solution.
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