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ABSTRACT

Space-based spectrometers are of high importance for Earth observation and greenhouse
gas sensing, providing vital information for climate and climate change monitoring. Today,

an ongoing trend towards miniaturization and the use of cost  -effective small sa tellites can
be observed, while also wide field -of-view (FOV) imaging is considered to offer a huge
potential by enabling to capture global data. We present a novel freeform pushbroom
imaging spectrometer, covering the near -infrared and thermal wavelength  range, and
showing a full field -of-view of 120°, while fitting within only 2 CubeSat Units. According

to our knowledge, our novel design shows the widest FOV that has ever been realized for
space-based telescopes, nearly reaching Earth observation from lim b to limb from an
altitude of about 700 km, while fitting in a compact design (100 x 47 x 105 mm3). The
design is composed of a freeform telescope, followed by a three-channel freeform
spectrometer unit. The freeform telescope comprises 2 off -axis freeform mirrors with an
aperture stop at the focal point of the secondary mirror, collecting the light and sending it

to a spectrometer slit. Following the spectrometer entrance slit, a collimating mirror is
present, after which the light is split to the visible (400 6 1100 nm), the near-infrared
(1100 8 1700 nm) and thermal spectrometer channel (8 8 14 um). Each of the three
spectrometer channels comprise of a diffraction grating and 2 freeform mirrors to focus
the light on a 2D detector, providing both spatiala  nd spectral information. The design was
optimized considering the spot size and Modulation Transfer Function in the merit
function. All mirrors are described using XY polynomials, up to the 6th order, enabling a
close to diffraction -limited performance. Considering the visible and near -infrared
channels, a spatial resolution better than 5 km and a spectral resolution better than 4 nm

is achieved. For the thermal channel, the spatial resolution is limited by its Airy disc to

20 km, and the spectral resolut ion is limited to 150 nm. Starting from the nominal
simulated design, an evaluation was made towards to realization of a laboratory
demonstrator setup, including the performance of a tolerance and stray light analysis,
validating the manufacturability of the ~ design. We believe th e proposed design might pave
the way towards future space missions enabling an improved Earth observation and
climate monitoring.
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Chapter 1: INTRODUCTION

1.1 CLIMATE CHANGE AND GLOBAL POLICY

Climate change is one of the biggest threats humanity is facing. According to the World
Health Organization (WHO), a perspective of 250 000 deaths due to climate change is
expected between 2030 to 2050.[1] Climate change causes an increase in extreme events
such as storms, heatwaves, and floods. In addition to the direct harm to people and
infrastructures, these extreme weather conditions can also induce the propagation of
infectious diseases causing an incr ease of mortality following the natural disaster. l.e. in
2022, after a flood in Pakistan , stagnant water induced a severe increase amongst
mosquitoes, flies, and other infection propagators, causing a severe dengue virus epidemic
months after the event. Moreover, post -flooding wound infections, respiratory problems,
cholera, diarrheal infections, etc., increasing the death rate amongst extreme events
survivors .[2] Another issue caused by climate change consists of a possible global
migration over time. The agricultural system s threatened in many countries by floods or
desertification. This leads to a lack of subsistence, conflicts for water , or other phenomena
contributing to migration as happenedin Somaliain 2022 where adrought event displaced
1 million people. In total in 2022, natural disasters were the cause of 33 million
displacements, primarily within the country  .[3]

In addition to the e xtreme events caused by climate change that will increase over time,
our actual daily lives are impacted by pollution . l.e. pollution leading to poor air quality
heavily impacts general health by introducing fine particles, nitrogen dioxide (NOz), ozone
(O3), and sulfur dioxide (SOy) into the air we breathe . Short and long -term exposure to
those pollutants worsens and can lead to cancers, and lung conditions (as asthma or
respiratory infections), while generally impacting all human organs People are not equally
sensitive to bad air quality as old people, chi Idren, and people with pre -existing health
conditions are more vulnerabl e to develop complications. The European Environment
Agency (EEA) [4] estimates that in 2022, fine particles were linked to the premature death
of approximately 238 ,000 persons within the 27 European states . [4] Therefore, actions
have been taken by several countries and organizations to limit global warming and
pollution . l.e. the Paris Agreement made during the COP21 aims limit ing greenhouse
gases (mainly CO 2) such that global warming does not exceed 1.5°C by 2050 (in comparison
to the pre -industrial era). Several global warming scenarios are possible in function of the
greenhouse gasses emission rate. Following the Paris agreements it is expected that the
197 signatory states reduce their growth to keep global warming below 2°C . [5], [6]

However, as shownin Figure 1, t he curr ent algweetleerwarminhg betmwe s n ot

2°C but 2.1°C by 2100. If the current policies continue, it would reach between 2.5° to
2.9°C.
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FGUREL: GLOBAL WARMING EVOLUTION FOR DIFFERENT GREBNMSBUISISION SCENARIQS

On a global scale, large differences in greenhouse emission concentrations can be
identified. In 2021, t he main emitters of greenhouse gases were China and the USA with
a total of 43% of the global emission. Followed by India and Russia with respectively 7.3%
and 4.7%. Considering Europe, Germany is the main emitter and in 7t position with 1.8%
followed by Italy and Poland in 18 t™ and 19t position with 0.9% of the global emission of
CO0:..[8] CO2 corresponds to 80% of man-made greenhouse gases. Other main greenhouse
gases include methane CH 4 thatis produced by agricultural activities represents 1~ 1%, and
NO:2 representing 6%.[9] Those three greenhouse gases are produced and influenced by
human activities but if we look at the whole amount of greenhouse gases, water vapor is
responsible for 41 to 67% of the greenhouse gases effect. [10] Water vapor is not human -
made; however, it currently undergoes positive feedback due to global warming. An
increase in temperature amplifies water evaporation which in turn increases  back the
greenhouse gas effect.

The present greenhouse gases influence global warming and climate change. The global
warming phenomena can be explained through the Earth 's energy budget, considered as
the balance between incoming solar radiation and outgoing terrestrial energy in W/m 2,
which can be measured by satellites at the Top -of-the-Atmosphere (TOA). When solar
energy hits the Earth (with an irradiance of approximately 340 W/m2 perpendicularly to
the Sun-Earth axis at the mean distance between those two [11]), a major part of the light
is reflected by Albedo or clouds, while the rest of the incoming solar energy is absorbed.
The reflected irradiance equals approximately 101 W/m2. The absorbing surfaces emits
thermal radiation to space, when heating up, corresponding to approximately 238 W/m?2.
When the incoming energy from the Sun equals the outgoing energy from the Earth , the
system is in radiative equilibrium. If the outgoing energy is higher or lower, the
temperature atthe Earthds surface i s respecti v,andgnEdtbh's
energy imbalance occurs. Currently, due to the greenhouse gases effect, Earth tends to
store part of the incoming energy (approximately 0.9 W/m 2) and heat up i.e. global
warming. [12] The special attention to the monitoring of greenhouse gases is therefore
highly important to predict , evaluate , and monitor the global warming phenomena and to
ensure better air quality for everyone, hence reducing large amounts of premature death .

The monitoring of the five main greenhouse gases ( water vapor, carbon dioxide, methane,

nitrous oxide, and ozone) requires a broad spectral sensitivity , covering at least the visible
and near -infrared spectral range. Additionally, to measure the absorption of both reflected
and thermally emitted Earth radiation , it is advantageous to have wide spectral
monitoring that covers visible, near -infrared, and thermal wavelength bands

reasi
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Two main types of imaging space spectrometer geometries can currently be distinguished
to achieve global data ; the whiskbroom (Figure 2) and the pushbroom (Figure 3) geometry.
A whiskbroom scanner features a small FOV but uses a mechanical rotating mirror to
scan along the swath and to allow an extended FOV. The spatial resolution is determined
by the scanned area, while the detector, consisting of a linear array of pixels, is responsible

for the spectral resolution. Initially, space -spectrometers tended to use a whiskbroom
configuration, scanning the Earth perpendicularly to their line of motion, as was the case

for the Global Ozone Monitoring Experiment (GOME and GOME2)[13], [14], the
Greenhouse Gases Observing Satellite (GOSAT) [15], and the SCanning Imaging
Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) [16] The main
drawback of these configurations is the presence of a moving mirror, leading to low signal
intensity and efficiency due to the point -by-point imaging method, driving the transition

to wide field -of-view (FOV) pushbroom configurations.

Rotating
scan mirror

Detector

Instantaneous
field of view

Ground resolution cell
HGURE2: WHISKBROOM CONFIGURATIFH

The pushbroom configuration has a fixed telescope, continuously scanning along the
swath. The spatial resolution is determined on one axis by the number of frames per
second (FPS) the scanner captures, which is influenced by its speed and altitude. This
determines the ground swath resolution  (Figure 3). The spatial resolution along the second
axis consists of the subdivision of the ground swath and is determined at the detector by
the quality of the optical system , the detector size and the number of pixels. To provide
additional information on the spectral resolution, the detector must be constituted of a 2D
array of pixels, corresponding on one axis to the spatial coordinates, and on the other axis
the spectral resolution.
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FHGURE3: PUSHBROOM ONFIGURATI(QNS]

Pushbroom imaging requires a more challenging optical design to achieve  a wide field of

view (WFQOV) with a qualitative resolution ; however, the choice has been made for this
thesisbds work to make a WFOV spectr omaidng based
mechani cal movements wit hi wfthe-are WFO¥ tisuembeddingg d ay 6 s
pushbroom scanning .

1.2 STATE-OF-THE -ART WFOQOV SPECTROMETER : TROPOMI

TROPOMI (TROPOspheric Monitoring Instrument ) (Figure 4) is part of the European
program Copernicus , dedicated to Earth observations. Through this program , a fleet of
satellites n a nmasdbeen &enohted to enbnitor the Earth's climate, soil
exploitations , and natural resources. The satellite Sentinel -5P, launched in 2017 for a
seven-year mission, embeds the most sophisticated multi -spectral spectrometer,
TROPOMI, and provides data about the atmospheric composition with an  extremely high
resolution and wide FOV (108°). TROPOMI particularly aims contributingto  climate and
air quality monitoring , while providing global cartography of the pollution state and its
evolution. TROPOMI reaches a swat h width of 2600km while having a resolution of
3,5x7km 2 at nadir ; however, since the 6t of August 2019, the resolution has improved to
3,5x5,5km 2 at nadir .[19] This spatial resolution allowed for the first time to resolve
pollution on a city scale, i.e. Figure 5 compares different resolution performances for
previous satellite missions and TROPOMI, showing the good performances and capacities

of this instrument.

Primary mirror Secondary mirror ~

Polarization scrambler

e

Entrance pupil Field limiting apertures

Spectrometer entrance slit

FGURE: TROPOM$WFOWVTELESCORHOWING THAWVFOVOF108°ANT THE ENTRY THEN THE FREEFORM MIRRORS
FOCUSING THE RAYS AT THE ENTRY OF THE SPEJERDPMETER
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SCIAMACHY: 200 km x 30 km
GOMEZ2: 80 km x 40 km
OMI: 24 km x 13 km

TROPOMI: 7 km x 3 km

FHGURE: TROPOMS$ RESOLUTION IN COMPARISON TO PREVIOUS S/ASFEMWITNES THE POSSIBILITY TO MONITOR
GREENHOUSE GASES ON A CITYZLALE

TROPOMI embeds four spectrometers analyzing the spectrum (Table 1) in the UV (270-
320nm), the UVIS (320-490nm), the NIR (710-775nm), and the SWIR (2305-2385nm). The
spectral resolution for each of the four channels is below 1nm  offering a good performance.

TABLEL: TROPOM$ FOUR SPECTRAL BANDS WITH THE CORRESPONDING ABSORBING GASEEHHGREOREAL
RANGE OF THE SPECTROMEAERSTHEIR SPECTRAL RESOL[22HN23]

Sectrometer uv uvisS NIR SNVIR
Main gases 0;, 0, G0,

G; aerosols, NO,, clouds Aerosols, clouds Q, Oy
Spectral range (nm) 270-320 320- 490 710- 775 2305 - 2385
Spectral resolution (nm) 0,45¢ 0,5 0,45¢ 0,65 0,34¢0,35 0,225 ¢ 0,227
Dimension (m?3) 0,56 x 0,45 x 0,38 0,45x0,3x0,2

The optical system of TROPOMIis composedo f di f f er ent @Hgure 6).dThen g
first one from the left is the calibration unit that provides different types of light to
calibrate the system and is switched on/off via a folding mirror mechanism , but this part

of the instrument is out of this thesis 6 s s. dhe exond component at the bottom left
after the calibration unit is the telescope, which collects the light from the Earth with a
WFOV of 108° and has an f-number between 9 and 10 .[24] The telescope is made out of
two concave freeform mirrors. The first one collects the light  and forms an intermediate
focus while the second one is focusing the light at the spectrometer entrance (Figure 4).
The polarization scrambler is added to make the system  polarization -independent .[20]
After the telescope, at the spectrometer entrance, the light is first separated at the slit.

The UVIS and NIR channels are transmitted by the slit while the UV and SWIR channels

are reflected. Each of the channels is separated by dichroic mirrors, butthe ~ SWIR channel
is first relayed to another optical bench before entering its corresponding
spectrometer. [22] Due to the differentiation between the UV  -UVIS -NIR bench and the
SWIR bench, they both require a different volume  (Table 1). The size of the UV -UVIS -NIR
bench requires a volume of 0,56x0,45x0,38m 23 and the SWIR channel has a volume of
0,45x0,3x0,2m3. In comparison with the standard CubeSat size (10x10x10cm 3), the UV -
UVIS -NIR bench would require 60 CubeSat units and the SWIR would require 30 units

for a total of 90 units. [23]

bl
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FGURES: TROPOMS$ OPTICAL SYSTEIWOWING THE DIFFERENT YNHE CALIBRATIONHE TELESCOPE AND THE TWO
BENCHES FOR THR-UVISNIRCANDSWIRCHANNEL$22]

1.3 THESIS OBJECTIVE : DESIGN NOVEL IMAGING SPECTROMETER

This thesis targets the design of a space -based imaging spectrometer, exceeding
the state -of -the -art in terms of field -of -view and compactness of the design.

An ongoing trend towards miniaturization and the use of cost  -effective small satellites can
currently be observed, while also extended wide field -of-view imaging is considered to offer
a huge potential by enabling to capture global data. =~ We pursue improving the state -of-the-
art space spectrometers by targeting an enlarged FOV enabling Earth observation from
limb to limb at an altitude of 700 km, by extending the considered wavelength range and

by miniaturizing the design. This thesis therefore presents the work made to model a novel
WFOV freeform imaging spectrometer, imaging the Earth with a FOV of 120°, and
featuring 3 spectral channels covering the visible, near -infrared , and thermal wavelength
range (Figure 7).

We target the following specifications :
1 Wide FOV of 120° using pushbroom scanning
9 Spatial resolution <5 km
9 Spectral resolution <20 nm
9 Three channels (Figure 9):
o VIS (400-1100nm)
o NIR (1100 -1700nm)
o Thermal (8 -14pm)
1 Fitwithina single CubeSat
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HGURE/: GREENHOUSE GASES ABSORPTION WAVELENGITR@PGMIOMI,AND THIS THESSSPECTROMETER
SPECTRAL RANGE ANALBEEDVING THAT OUR SPECTROMETER IS ANALYZING A WIDER SPE2BAL RANGE

The comparison between the spectral range covered in this thesis with the one of
TROPOMI and OMI ( Figure 7) indicat es the extended wavelength range . Our proposed
design includes the 1100nm -1700nm range that is not often studied but offers precious
data to study greenhouse gases such as methane. The addition of the thermal channel is
beneficial, not only to analyze the five main greenhouse gases but also to monitor their
influence on the thermally emitted radiation by the Earth. A broader the spectrum will
ease the identification and interpretation during post-processing, benefitting the accuracy
of the greenhouse gas measurement . The integration of the three channels within one
spectrometer serves two purposes: (1) The miniaturization of the system such that it
enters within one CubeSat making it highly competitive in terms of cost and offering
extended possibilit ies to embed the instrument within space missions. (2) The reduction

in inter -system alignment errors . When considering separated spectrometer instruments
each of these systems would have an error (tolerancing error , and pointing and alignment
error) leading to a lower measurement accuracy.

1.4 STARTING POINT : WIDE FIELD OF VIEW TELESCOPE

Similar to the state-of-the-art designs, our targeted miniaturized imaging spectrometer
will comprise a telescope followed by the 3 -channel spectrometer unit. Before the start of
this thesis, and based on the TROPOMI telescope, a design of the wide -field -of-view
telescope was designed by Luca Schifano in his PhD thesis .[26] This compact telescope
(X,Y,Z =96 mm x 15 mm x 95 mirfits within one CubeSat unit  (Figure 8). As for TROPOMI,
the telescope is made out of two concave freeform mirrors : one to collect the light, and one
to focus the light at the spectrometer entrance. Despite the similarities, this new telescope
design improves the FOV to reach 120°, an addition of 12° in comparison to TROPOMI. In
addition, at the entrance of the spectrometer, each field is diffraction -limited with an RMS
spot radius fitting within the  Airy disk (Figure 8).
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FGUREB: WFOVTELESCOPE COMPRISIN FREEFORM MIRRQRESCRIBED USINX&POLYNOMIALBND SHOWING A
DIFFRACTION LIMITEBRFORMANGE6]

The WFOV telescope is intended to observe the Earth from the Low Earth Orbit, at an
altitude of approximately 700km, resulting in a swath width of 3700km. Since the Earth's
diameter is equal to 10 000 km, it would require a spectrometer equipped with this
telescope less than three revolutions to scan Earth from limb to limb.

The freeform telescope mirrors were manufactured in  -house at the VUB B -PHOT Brussels
Photonics Innovation Centre, using ultraprecision diamond tooling. Following, a proof -of-
concept laboratory demonstrator was realized showcasing a great performances  (Figure
9), and indicating this telescope form a solid basis for the 3 -channel spectrometer. Figure
9 shows the system manufactured and tested, both in Zemax and in the laboratory.

Entrance

upil
e Secondary

Primary _ Aperture stop mirror
mirror

o o o o o

0 12 24 36° 48 60

detector

HGURE: WFOVTELESCOPE LABORATORY DEMONSTAART®IE BOTTOM LEEDMPARISON BETWEEN THE
SIMULATION AND EXPERIMENT SHOW A MATCHING PERFORBKMJIENG THE DESIGN CAN BE USED WITH CONFIDENCE
WITHIN THIS THESISVORK[26]
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1.5 KEY CHALLENGES OF THIS MASTER THESIS

Key challenge of this master thesis is the design of the 3 -channel spectrometer, following
the previously developed freeform WFOV telescope. The successful design of the
spectrometer requires tackling the following 6 key challenges:

(1) Geometrical design optimization and folding of the design to ensure its fitting
within a single CubeSat.

(2) The parameterization of the freeform components will be extremely important to
achieve the targeted spectral and spatial resolution. The freeform terms need to be
exploited in view of aberration reduction (including keystone and smile distortion).

(3) The extended wavelength range imposes challenges with respect to the material
and sensor selection. The broad spectrum requires a careful selection of the
components (especially the gratings) and used materials.

(4) Power budget analysis of the design ensuring sufficient light at the detectors,
providing an acceptable signal -to-noise ratio.

(5) Tolerance analysis in view of achieving a manufacturable design. Given that the
resulting design is envisioned to comprise 9 freeform mirrors, it is important to
have an accurate tolerance analysis ensuring a realizable design.

(6) Stray light evaluation to minimize light crossing between the different channels.

A multidisciplinary approach is required to tackle these challenges, including an
understanding of diffraction optics, freeform lens design, and material science.

1.6 STRUCTURE OF THE THESIS

This thesis is structured into five main chapters, highlighting different aspects of the
three -channel spectrometer. Chapter 2 covers the basic physical concepts needed to make
our new freeform design . It i nclud es an introduction to different spectrometer designs,
how to separate the channels , and how to understand and calculate the diffraction grating
parameters . It also discusses how freeform optics are modeled, together with the mirror
material requirements . Chapter 3 provides the results (spot diagram, spatial and spectral
resolution, MTF, aberrations) of the simulated  spectrometer designs, first considering the
single -channel designs for the VIS, NIR , and Thermal range, and subsequently evaluating
the full three -channel design. Chapter 4 introduces the detector technology required for
each channel, like CMOS for VIS, InGaAs for NIR, and bolometer technology for Thermal ;
and compares commercially available detectors with the performances of the simulated
design. Finally, we explore in Chapter 4 practical steps to prototype the spectrometer by
studying the integration of commercially available components, the energy budget , the
Signal -to-Noise Ratio (SNR) and the tolerance and stray light analysis.
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Chapter 2: PHYSICAL CONCEPTS NECESSARY TO
BUILD A THREE -CHANNEL SPECTROMETER

2.1 BASIC SPECTROMETER ARCHITECTURE

The essence of a spectrometer is depicted in Figure 11, indicating the use of a diffractive
component to split the light into its wavelength components. First, a collimating element
(often a lens or a concave mirror) converts the diverging light rays to parallel rays . This
step is of high importance for accurate focusing afterward s in the system . Following the
collimating element , a diffraction grating (or possibly a prism) is present. The incoming
light is separated with a different angle as  a function of the wavelength. From the
perspective of a single ray of white light passing through a diffractive element, the output

is a continuously diverging set of ray s featuring a different angle for the different
wavelengths . The diffractive behavior and mechanism are further discussed in section 0.
The focusing element (a lens or a concave mirror) focusesthe different wavelength s on the
detector array. Since each wavelength is diffracted with a specific angle, a given image
point will be the focus of a specific wavelength. The detector array must be compatible
with the spot size and sensi tive to the wavelength analyzed. Further discussion on the
detector is given in Section 4.1.

The spectrometer architecture ( Figure 11) showcases a system not suitable in the scope

of thiswork due to its large system size. The requirement for a small spectrometer restricts

the use of lenses, and the broad spectral range adds extra limitations on suitable

materials. Additionally, since lenses can suffer from chromatic aberrations a reflective

mirror design is preferred . The choice of the spectrometeros
according to the compactness potential and the ease of implementation for athree  -channel
spectrometer.

Input slit Collimating Diffraction Focusing Detector
lens grating lens array

FHGURELL: BASIC SPECTROMERRRHITECTURH]

The Czerny -Turner spectrometer is the main type of spectrometer architecture featuring

two variants, the crossed and the unfolded one as presented in  Figure 12. The Crossed
Czerny-Turner spectrometer has the advantage of being highly compact, making this a
popular geometry. However, the realization of a three -channel spectrometer complicates
the implementation of a crossed system. The risk of stray light and bac  k reflection is high
and the complexity of a three -channeled crossed system is too high to be interesting to
implement. For those reasons, the unfolded Czerny -Turner spectrometer is preferred for
the three -channel spectrometer design. It is planned to sepa rate the channels at the
collimator and design for each of them specific gratings and freeform mirrors. Each
channel will be separate d and independent, thus minimizing the risks of interference
between them, while in addition allowing for each channel an independent optimization
process (as long as they do not overlap).
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Another interesting configuration considered during the design development stage is the
Offner spectrometer (Figure 13). This relatively compact spectrometer is made out of two
concave mirrors and one convex grating. In contrast to the previous designs, the light does
not require to be collimated, and the grating is curved, in addition to being between the
two mirrors. Another important feature of the system is that the object (at the entrance

slit) and the image are positioned parallel to each other and on the same plane.

Spherical

Entrance Hrror

Slit

Convex
diffraction
grating

Image
plane

Spherical
mirror

FHGUREL3: OFFNEFSPECTROMER[R29]

The convex diffraction grating complicates the calculation of the diffraction angle and is

less commercially available (none are sold on the Thorlabs website). However, the Offner
design is implemented and tested for a single VIS spectrometer in section 0 because its
impact on the smile effect has revealed interesting results.

The summary table comparing the different systems ( Table 2) shows that the unfolded
Czerny-Turner is preferred, taking the three -channel geometrical integration into
account. The Offner design operates without a collimated beam, which complicates
channel splitting and makes it unsuitable for final integration. Ho wever, its architecture
is studied in the context of a single channel.
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TABLE2: COMPARATIVE TABLE BETWEEN THE DIFFERENT DESIGNS TESTED ISHONSINEHSIAT THEFOLDED
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2.2 NOVEL FREEFORM VIS -NIR -THERMAL SPECTROMETER GEOMETRY

Our novel design geometry for the three -channel spectrometer is depicted in Figure 14
(note that this design is flattened and does not correspond to a geometrically accurate

model). The collimated light coming from the telescope introduced in section

input of the schematic. The collimated light is separated into three channels via two
distinct mechanisms. The first beam splitting occurs between the thermal and the VIS
NIR channel. Due to material requirements (see section

set i n

using a dichroic beam splitter.

pl ace

and

consists

2.3), a

of a

ogeometricald

grating
splitting, a second splitting between the VIS channel and the NIR channel is performed

1.4 is the

spl

added al |

Taken separately, each of the three channels uses the

Unfolded Czerny -Turner model. A reflective grating is used for the Thermal and NIR
channels and a transmissive grating is used for the VIS channel. The choice of a

transmissive grating instead of a refl

between the VIS and the NIR channels. Gratings are discussed in detail in Section

ective one has been made to better manage the space

0.

After the gratings, free -form mirrors are added to focus the light at the detector plane.
Two free-form mirrors are placed at each channel to compensate for the aberrations

discussed in the introduction of
polynomials and are further discussed in Section
detector.
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HGUREL4: NOVEL FREEFORM THREBNNEL SPECTROMEIEGMETRSHOWING FLATTENBEZDSITIONING OF EACH

2.3 CHANNELS SEPARATION

Two splitters are necessary to split the

COMPONENTS

light

wavelengths corresponding to our three different channels. The splitting strategy is to
first separate the thermal channel from the incoming beam, followed by a separation
between the VIS and NIR channels.

beam into three beams of different
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The key difficulty to split the light in the different channels is related to the material
properties and the limited wavelength range of each of the typically used materials (Figure

15).

Uncoated Substrate

01 02 03 04 05 06 07 1 2 6 8 10 15 0 B 30

W Je—— Viible —|mm.a

Wavelength (pm)

FIGUREL5: MATERIAL ABSORPTION FOR DIFFERENT WAVEBENGWING THE REDUCED CHOICE FOR MATERIALS
WORKING IN A SPECTRAL RANGE GRIQM (SHORTESIISWAVELENGTH ANALYYED14uM (LONGEST THERMAL
WAVELENGTH ANALYYB0]

Considering the VIS -NIR splitting, a dichroic  beam splitter can be used. Such a splitter is
expected to reflect the light with a wavelength between 400nm to 1100nm and to transmit
the light in 1100nm to 1700nm  wavelength range ( Figure 16).

VIS-NIR region

Incident light VIS

NIR

FGUREL6: CONVENIENT REPRESENTATIONDIEHROIBEAMSPLITTERSED TO SEPARATE VHBAND THENIR
CHANNELS

Dichroic beam splitters with similar characteristics are commercially available. The
DMLP1150B from Thorlabs (Figure 17)[31] constitutes a possible non -custom made
dichroic beam splitter. The junction between the VIS and the NIR range is not ideal with

a gap of 200nm between 1000nm and 1200nm, however, its good transmission and
reflectance with an average efficiency exceeding 95% makes him a good candidate for a

first evaluation.
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FIGUREL7: COMMERCIALLY AVAILABLEHROIC BEAM SPLIT(RRILP1150BJHARACTERISTICS FRBERIRLABS
SHOWING PERFORMANCES MATCHING THE SIMULATED REQUIREMENTS BUT WITH A GRENAMRBLIND

The splitting of light between the Thermal channel and the VIS -NIR channels is extremely
complicated to achieve due to the large gap in the spectrum between those two regions.
Most of the regular and efficient materials are not able to perform in such a wi de range as
depicted in Figure 15. N-BK7, a regular glass used for optical components is showing a
strong absorption within the thermal wavelength regions. Alternatively, specific materials
such as Sodium Chloride or Potassium Bromide must be used to span the whole range,
requiring custom -made coatings. To keep the design convenient and possible to work with
commercially available components, a geometrical splitting approach is used. It consists
of splitting directly the beam into different parts using the reflective diffractive grating,
where one-third of the light is separated from the main beam and corresponds to

the thermal channel ( Figure 18).

Incident light

- VIS - NIR
3

Grating

3 Thermal

FGURELS8: "GEOMETRICAIBEAM SPLITTING METHODSEPARATE TMESNIRAND THEHHERMAICHANNELTWG
THIRD OF THE LIGHT GOES TYI$IHIRCHANNELS AND GNHIRD TO THEHERMAL CHANNEL

The geometrical splitting has the advantage of not affecting the channel spectrum; while

in contrast an additional dichroic beam splitter would have affected the efficiency of the
different channels. However, the geometrical splitting acts as an aperture a nd comes with
a trade -off in the irradiance of each channel. Considering the Earth irradiance (section
1.1) as approximately 100 W/m 2 for the VIS -NIR range and 240 W/m 2 for the Thermal
range. The ratio of the splitting provides new values for the three channels with
approximately 66 W/m 2 for the VIS -NIR channels and 80 W/m 2 for the Thermal channel.
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The geometrical splitting thus induces a more balanced irradiance along the whole
spectrum. The full energy budget at each pixel of the detector is discussed in the energy
budget table in Section 4.2.

2.4 DIFFRACTION GRATINGS FOR HIGH SPECTRAL RESOLUTION

This part aims to introduce the mathematical concepts and equations necessary to
understand and demonstrate the grating equation and to study the corresponding
resolution of the spectrometer. First, the transmission of a surface grating will be studied,
leading to the grating equation . Then, a more complex system will be analyzed: the grating
with N slits. Finally, the spectral resolution will be discussed based on the Rayleigh
criterion and the Free Spectral Range (FSR). Some FSR calculations are appliedt o the
wavelength range in this work. The mathematical derivations are taken from the course
notes on Microphotonics .[32]

The transmission function of the light passing between the environment ¢ and ¢ isgiven
by:

[ ofm owl ofm P

Where:
I ofit s the incident field
1 1 ofmm isthe Transmitted field
1 O w is the transmission function and describes the local change in amplitude and
phase of the field

For a periodic surface structure, the transmission function is the sum of the transmission
at each period individually:

oW 0w W C

Where:
I w ¢ p visthe value of the wcoordinate the ¢ period
1 v¥isthe period of the grating
1 . isthe number of periods
1 O w is the transmission function for the interval lying between N Ty

To consider the value of the transmitted field, one must consider the plane wave
decomposition of the incident field passing through the gratings. Intuitiv ely, this
phenomenon results from the desired effect of a grating: spatially split the light relatively

to the wavelength/frequency.

The notion of frequency or spatial frequency becomes present through the Fourier
transform applied to equation (1).

o1 ofm Do 2’0 dm T

This transform reveals the transfer function “Y'Q of the grating. It is the Fourier
transform of the transmission function in ~ equation (2).

YQ TOow O 0w W T

With the Fourier transform given by:
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Y'Q Q Qw v

The transfer function is developed as follows:

Y'Q 0w w 0Q Qw [0)

By substituting the integral tofit QaP Qw ® ,itis possible to putthe sum outside the
integral:

YO Q 00 @ Q XA X

It gives the transfer function of a local grating period on one side multiplied by the sum of
an exponential this is the same sum but with a change of parameter:

YQ 'YQ8 Q U]
With 1 ¢“rand w drwith a v ) p whereas w N ph) .
The expansion of the sum term gives:
04
O %
YQ vyQa&y W

ORI

The "Y "Q term corresponds to the effect of the transmission for one grating while the rest
of the equation corresponds to the effect of a periodic extension on this effect.
With the dependencies in "Q

and in
1 Q0. PP

The sinusoidal function in equation (10), if under an incident plan wave inthe  normal axis
(— ), results in the following values for the different diffraction orders:
1 Order zero:

IQ&C— nd)é% mn " m | Q¢ = P C

1 Order -1 or +1:
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i Qjc— W é ]séz “ Qr p I Q¢ —= po
i Order -2 or +2:
ok v s ] . N
i Q& TTwe Q “ Q¥ i Q¢ —— T
g c q q ” p

i Qe o
i — v
” p

Extended to a more general equation named the grating equation in case of oblique
incidence:

s ¢ ome | 9o
I Qe 1 Q¢ > p o

The grating equation can be directly derived by using the Bragg condition

Q 0 Q P X

And the k -vector diagram as depicted in Figure 19.

_____0_

ke

FHGUREL9: K-VECTOR DIAGRE3B]

With Q@ —¢i @, Q —¢i Qtand? — the Bragg condition
T Q av py
Gives
c—s i Q¢ c—é i Q¢ a% p w
And finally, the grating equation is
a
i "R i Q@ — ¢TI
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Note that in air, 1 p and in the case of a transmissive grating between environments of
different refractive index, 1 becomesYi .

Based on the above theoretical concepts, the grating parameters are selected. For each of
the 3 channels, similar incident and diffraction angles at the 1st order are chosen, reducing
the optimization time for the free -form mirrors. The approach is to balance the ratio of the

centr al wavelength and the gratingds periodicit
such that the three gratings have the same incident and diffracted angles (  Figure 20). The
Isorder is privileged bec atoprevide gk with a aufficientg s pr i o

intensity at the detectors (already limited by the geometrical splitting) and not to provide

an extremely high spectral resolution (required at minimum 20nm). The specific incident

and diffraction angle sar e chosen by considering the systembd
means a more compact design; however, with three channels, we must carefully choose a

minimal angle such that the channels do not overlap. Since the NIR and Thermal channels

have both a refl ective grating and are on the same axis, the same angles are chosen such

that the channels can be nested with 10° for the incident angle and 20° diffraction angle.

The VIS channel is initially reflected by the dichroic beam splitter, resulting in it being

oriented orthogonally to the paths of the NIR and Thermal channels (which continue on

the original axis). To avoid a channel overlap between the VIS and the NIR channels and

to maximize the designds compactness, the VIS c|
an incident angle of 2° and a diffracted angle of 10°.

With those input parameters, the periodicit ies of the grating s calculated from the grating

equation are equal to 230[lI/mm] for the VIS channel, 120[l/mm] for the NIR channel, and

15[l/mm] for the Thermal channel (Figure 20).
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A mathematical analysis of the Free Spectral Range (FSR) for the three channels shows
no overlap between modes for the NIR and the Thermal spectrums (  Figure 21) but an
overlap is present in the VIS spectrum in  Figure 22.

FSR NIR channel with 120[/mm] 1100nm to 1700nm FSR Thermal channel with 15[/mm] 8um to 14um
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Through the mathematical development of the grating equation, one can prove that the
only parameter to avoid any overlapping is the wavelength and that it is technically
impossible to avoid an overlap if one wants to measure a spectral range from 400nm to
1700nm (it requires at least three channels). By assuming that the spectrum lies between
two wavelengths _ and _ with _ _ and that the focus is on the overlap between the
first and the second mode, one can zoom in on the overlap in  Figure 22 and name for the
same incident angle — two diffracted angles —; and —; corresponding respectively
to the angle of the first mode on the upper wavelength and the angle of the second mode
at the lower wavelength as in  Figure 23.
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FSR VIS channel with 230{/mm] 400nm to 1100nm
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HGURE3: ZOOM ON THESROF TH/ISRANGE FROMGURE22 WITH ANNOTATIONSIOWING THE OVERBAP
DIFFERENCE BETWEEN THE FIRST AND THE SECOND MODES
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According to the grating equation:

i Qe % i Qe
cp
i Q& = i
¥
And by subtracting th ose two equations:
I Qeqy I Qe ¥ 5= - ¢ G
To have no overlapping FSR, one must satisfy the condition _ ¢_ and the periodicity
term ¥ acts solely as a scaling factor and does not influence the overlapping. For a
wavelength range from _ 1 mé&ndto_  p X ® W it is impossible to satisfy the overlap

condition with one channel or two channels. With two channels , the only possibilities of
arrangement are as follows:

TABLE3: SPECTRUMRRANGEMENT®R AAWO-CHANNELESYSTEM WITH A SPECTREMWEEXKOONM TO1700NM
WITHOUT OVERLAPPING INF8R

First channel Second channel
A4 [nm] Ay [nm] A4 [nm] Ay [nm] Adjyss [NmM]
400 800 800 1600 100
400 800 850 1700 50
425 850 850 1700 25
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The solution proposed in the third line of Table 3 is the best option with the lowest
difference in wavelength Y_ ¢ 8 aaccording to the initial spectrum from 400nm to
1700nm. The spectrums of the VIS and NIR channels must then be rearranged as  follows:

1 VIS: [400nm to 1100nm] becomes [425nm to 850nm]
1 NIR: [1200nm to 1700nm] becomes [850nm to 1700nm]

A graph of the FSR according to these new ranges for the VIS and NIR ranges is shown
in Figure 24. The matching condition between the first and the second order is perfectly
depicted in this figure and confirms the development of the condition _ ¢_ defined
above.

FSR VIS channel with 230[1/mm] 425nm to 850nm FSR NIR channel with 120[l/mm] 850nm to 1700nm

Diffracted angle  (degrees)
Diffracted angle (1 (degrees)
B
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Incident angle « (degrees) Incident angle o (degrees)

AGURR24: ADAPTEF-SRORVISANDNIRCHANNELS TO AVOID A SPECTRAL OBYRUMAPCHING THE EQUAT2@N

The hypothetical solution propos e dhafgedrisnetimi ch t he
accordance with the initial requirements but is interesting to explore for future research.

In addition, commercially available gratings with a wide diffractive spectrum can be

found, i.e. the Transmissive VIS grating GT13 -03 from Thor labs[34] has an adequate

spectrum as shown in Figure 25 and has a number of 300 grooves/mm which is relatively

close to the 230 grooves/mm simulated and an efficiency of 50% for the first order along

the VIS channel ds spectrum. Note that this gra
gratings are blazed. This characteristic has an incidence on the order strength, i.e. blazed

grat ings will contribute to a maximum  efficiency along one order and minimize the power

along other orders. The disadvantage is that the blazed shape suffers from periodic defects

causing ghosting and scattered light. This can be remediated with holographic gr  atings

but with a reduced efficiency. Whatever the shape of the grating, it has no influence on

the grating equation , and calculations made above are valid for any gratings while it

respects the number of grooves/mm .[35]
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Visible Transmission Grating Test Data
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FIGURE25: THORLABSRANSMISSIVE GRATINGS FOR SEVERAL GRUEETSL303 PERFORMANCES GIVEN AT THE BLUE
CURVH36]

After contacting Thorlabs, they confirmed that the graph provided in the datasheet and

shown in Figure 25 only contains the first order and that no filters are added to avoid an

overlap in the FSR. To avoid the presence of higher orders, an additional filter can be

implemented, such as one from Delta Optical Thin Films. [37] The LF104200 [38] is added

after the focusing mirrors, close to the detector array , and filters the modes higher than

one with an efficiency of 90%. Specifications fr
Figure 26.
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FGURE26: EXAMPLE IN THE DATASHEET 2000AL050NM SPECTROMETER ORBMM DETECTOR WITH.E104200
FILTEF38]

The position of the detector relative to the incident ray with a specific wavelength is

important for filtering. Indeed, when looking back at the grating studied in Figure 22, by

considering that at the detector the lowest wavelength of the first order is at the bottom

of the pixelds array and that the highest wavel e
the top of the detector array between the high wavelengths of the  first order and the low

wavelengths of the second order. The filtering technique proposed by  Delta Optical Thin

Films is to put at the top of the detector a high -pass filter. Therefore, at the overlapping

region, only the high wavelengths from the first order will pass the filter and be incident

on the detector.

2.5 FREEFORM OPTICS OPTIMIZATION USING XY POLYNOMIALS

Freeform optics are used in the system to focus the light in the image plane while
minimizing the systemds volume and aberrations.
each spectral channel. Freeform optics are modeled using polynomial descriptions. The
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choice of polynomials depends on the surfaceds
polynomials are preferred due to their model in polar coordinates. On the other hand, in

the case of a rectangular aperture, Chebyshev or XY polynomials are often prefer red. We

consider XY polynomials within this thesis work, enabling separate optimization of the X

and Y curvatures.

2.5.1 XY POLYNOMIALS
XY polynomials are defined according to the following equation:

o] — 0 O aw e
p p p Qwi

Where z describes the surface sag of the component. The first term of the equation
corresponds to the shape of a standard conic asphere (e.g. Parabolic, Elliptical,.. Surface)
while the second term corresponds to a series of high order polynomials increasing to the

0 term.

The first nine polynomials are &y hd & iy hd Goxd i and the X terms are
illustrated in  Figure 27.

A X

A X3

FGURR27: XTERMS FOR THE FIRSEICONDAND THIRD ORDER FOR 1

The 0 coefficient indicates the function 6 s speed of wvariati ceandthiea ki nd
rule of thumb for manufacturing is that the absolute value of the order of this term must

be higher than the order of the polynomial.

The configuration of the custom mirrors is optimized by adjusting first the radius of the
coni cds cndrthemtheuXYegolynomials across the FOV for each wavelength .[26]
Specifically, the optimization focuses on the following parameters: X 2Y0, X0Y2 X0Y3 X4YO,
X2Y2, X0Y4, X2Y3, X0Y5, X6Y0, and X4Y2. Given the orthogonal symmetry along the optical
axis, we prioritize even orders in X 0, X2, X4, and X8, omitting odd orders like X 1, X3, and X®.
The parameters for the first and the second freeform mirrors used in the NIR channel are
given in Figure 28 and Figure 29. The optimization strategy for the three channels was to
locally optimize parameters by parameters (meaning the distance between mirrors, their

tilts, their centering , and each term of the polynomial separately) and look at the spot
diagram and the Modulation Transfer Function (MTF)  to distinguish which parameters
have the best/worst effects.
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The shape of the surfaces in the two previous figures is willingly zoomed out to increase
the perception of the freeform optics. The final freeform mirror is a projected rectangle
cut at the center of the figures abov e and the saddle shape is then less visible .

2.5.2 MATERIALS AND MANUFACTURING

The freeform mirrors in the telescope presented in  Figure 9 have been manufactured with
oxygen-free high thermal conductivity (OFHC) copper, which is a material used for
broadband IR reflection. The manufacturing is done in three steps, starting from a
polishing step to give the material a general shape to the sur face, then (2) the 2 mirror
surfaces are added together to make a monolithic system, and finally (3) ultraprecision
diamond tooling machine is used to manufacture the final freeform shapes of the
monolithic system. [26]

The material used in the previous description is not usable within the scope of this thesis
since copper does not cover a sufficiently wide wavelength region. The best materials for
such broadband applications are found within the metal family. A comparative graph
considering the main reflective metallic surface is given in Figure 30.
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AGURE30: COMPARATIVE REFLECTANGEFASICTION OF THE WAVELENGTH OF SEVERAL METALLICSEHIDAVINGS
THAT ONLY ALUMINUM AND SILVER ARE MATCHING WITH THE SPECTRAL RANGE ANALYZED BY OUR ZPECTROMETER

14uMm) [39]

In Figure 30, one clearly sees that copper is extremely performing well within the IR range

but lacks the visible spectrum. The two materials working within the whole spectrum
analyzed in this thesis are aluminum and silver. Silver coatings are extremely sensitive

to their external environments, especially to humidity from which silver can tarnish, but

is showing slightly better performances. According to Thorlabs, their protected silver
coatings (Figure 31) are achieving a reflection of 97% for the spectrum between 450nm to
2um and 95% for the range between 2um to 20um. Th ose results are really good except
that the reflectance d ecreases from 98.7% at 450nm to 90.7% at 400nm. Despite this
refl ect anat 400nsn, theoedfisiency remains extremely good, and the average
efficiency of the coating for the VIS, NIR and Thermal channels is respectively of 95%,
97%, and 96%. [40]

Protected Silver Coating (-P01,12° AOI)
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FHGURE31: PROTECTED SILVER COATING £@RMCIDENT ANGLE SHOWING FOR THE UNPOLARIZEBREENA
REFLECTANCE OF APPROXIMTEAXLONG THE WHOLE SPECTRUM CONSIDERED BY OUR SPECORIDMETER
14um)[40]

An alternative to  Silver is Aluminum ; it offers a less expensive material but with lower
performance. From Thorlabs , the average efficiency is higher than 90% for the VIS -NIR
channels and higher than 95% for the Thermal channel. However, the efficiency curve
(Figure 32) undergoes a massive decrease in efficiency from 500nm to 1050nm with a
minimal efficiency of 7 7% at 800nm giving an average efficiency of 86% for the VIS range

It corresponds to an approximative drop in efficiency of ~ 10% in comparison to the silver
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coated mirror but is certainly acceptable for prototyping. [41] The telescope of TROPOMI
has been manufactured in aluminum by diamond tooling.  [20]
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FHGURE32: PROTECTED SILVER COATING E@RIMCIDENT ANGLE SHOWING FOR THE UNPOLARIZEBREENA
REFLECTANCE OF APPROXIMBHERYALONG THE WHOLE SPECTRUM CONSIDERED BY OUR SPECORIOMETER
14uM) BUT WITH A DECREASE PERFORMANCEMINSRARIGE41]

The energy budget presented in section 4.2 considers silver coated mirrors because this
material, even if expensive, is commercially available and shows the best performances.
Nevertheless, aluminum could also be used in our system but would come with a decrease
in efficiency, especially in the VIS range.

2.6 SUMMARY AND C ONCLUSION

This chapter discusses the physical concepts and components necessary to build a freeform
multi -channel spectrometer. We first compared several spectrometer architectures and
decided to choose the unfolded Czerny -Turner to develop our three channel spectrometer.
From this structure, we proposed a novel design ( Figure 14) able to separate our three
channels, diffract the light via gratings and focus the light at the image plane via freeform

mirrors. The ther mal channel is achieved using
one-third of the light beam to the Thermal  channel and two -third to the VIS -NIR channels,
while a dichroic beam splitter isused forthe VIS -NI R channels. The grating

been reviewed and calculations have been made to carefully choose the good gratings
periodicity for each channels : 230[l/mm] for the VIS channel, 120[I/mm] for the NIR
channel, and 15[l/mm] for the Thermal channel. @ The Free Spectral Range of the VIS
channel was overlapping between the first and second modes and the addition of a filter
at t he detector 6s .pUltimatedy, theafeeefonnr roirpos saadd the
mathematics behind the XY polynomials has been presented. The latter also includes a
discussion about the best material suited for manufacturing, indicating aluminum and

silver as the material of choice.



Chapter 3: NOVEL FREEFORM SPECTROMETER
DESIGN

This chapter focuses on the design and evaluation of the novel miniature spectrometer,
starting from single channel designs for the VIS, NIR and thermal wavelength range,
towards the integrated 3 -channel system. All designs were simulated using Ansys Zemax
OpticsStudio, and are designed in the sequential mode for a source located at an infinite
distance, covering fields from 0° to 60° (due to the system's symmetry, the full field of view

of 120° is covered). Each of the spectrometer channels comprises of 2 freeform mirrors,
described using XY polynomials. The following key parameters were considered to specify
and evaluate the design.

1 RMS spot radius [um] for the different fields
The spot diagram is provided for each field, visualizing the RMS spot radius, a key
metric for assessing image quality. This radius is determined by calculating the
square root of the sum of the squared distances of each point from the centroid (the
center of gravity of all rays). A smaller RMS spot radius indi  cates better resolution.
When the system is not diffraction -limited, four RMS spot radii are recorded: the
RMS spot at nadir, the best and worst RMS spots, and the average RMS spot value
across all fields. These data will determine the resolution in the spatial and
spectral axes at the detector for the nadir, best, worst, and average cases .[42]

1 Aperture specifications and f-number
The aperture diameter provides insights into the amount of light collected by the
system and impacts its resolution limit. For systems with a distant object (infinite
distance), the aperture specification is typically given by thef  -number (f/#), defined
as the ratio between the focal length of the system and its entrance pupil diameter.

1 Resolutionand Airy disc
With the f -number, it is possible from the Rayleigh criterion to derive the Airy
radius as [42]:

‘ - Q
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The Airy radius represents the best achievable resolution, where the resolution is
defined as the shortest distance between two points where they can still be
distinguished from each other. A system is considered diffraction -limited if it is
focused entirely withinthe  Airy disk .[42]

9 Footprint diagram
The footprint diagram simulates the field positions on the detector surface, and is given
for the HFOV and the whole spectrum of the designated channghe colors (X-axis)
correspond to the various field angles, and the rows (Y-axis) to the wavelengths.
This diagram gives information about the size that the detector requires to collect light of
the whole FOV and spectral range, while also indicating the magnitude of the smile effect.
The smile effect is a key aberration occurring in pushbroom spectral imaging systems,
inducing that the fields are not imaged on a flat line but on a curved one (looking like a
smile). Correction of this aberration can be managed via pegrocessing but mpact the
detector size upon which the restution is calculated. Smile effect tends to increase the
detector size along the spectral axis and decrease the size along the spatial axis. The effect
on the spatial resolution is minor, and therefore ignored during calculations, however, its
influence onthe spectral resolution must be considered when calculating the spectral
resolution. Note that the footprint diagram of the final threechannel design is given in the
next chapter where it is used to define the detectors requirements.

1 Point Spread Function (PSF)
The Point Spread Function visualizethe intensity distribution on the image planefor an
array or a grid of spots at nadir. The objective of this diagram is first to check if the
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plane, and secondly to calculate the maximum resolution at which two points can be
resolved. This latter value provides the best approximation of the spatial resolution,
accounting for the smile effect.

Modulation Transfer Function (MTF)

The MTF quantifies a system's ability to resolve spatial frequencies in the image
relative to the object. In a typical MTF graph, such as Figure 33, the function is
plotted for various spatial frequencies (in cycles/mm) along the sagittal and
tangential plane. At low spatial frequencies, the MTF is close to one, indicating

that the object and the image are equally resolved . At high spatial frequencies, the
MTF approaches zero, showing a loss of detail resolution. Ultimately, t he MTF
drops to zero at the optical cut -off frequency. It is influenced by the Airy disc and

is defined by feuor =1 / T ( iRdicating that the system cannot image details beyond

this point.

By considering the RMS spot radius as half the pixel pitch, it is possible to
determine the Nyquist limit A the maximum spatial frequency at which features

can be sampled. This limit is calculated as the reciprocal of twice the pixel pitch.

From this, the co rresponding MTF value can also be determined .[42]

1 -

------- Diffraction Limit Object |mage

— Sagittal
Sagittal m m
Tangential E E
0 20 40 60 80
Spatial Frequency (cycles/mm)

HGURE33: MTFTYPICAL GRARIZ]

0.8 1

0.6 1 = Tangential

MTF

0.4 A

0.2 A

Seidel diagram and aberrations

The Seidel diagram provides surface-by-surface information about aberrations
present in the optical system. The Seidel diagram includes third -order aberrations,
namely: Spherical aberration, Coma, Astigmatism, Field curvature, and Distortion.

For each of those aberrations, compensators can be included to reduce the effect
(this is the reason why there are always two freeform mirrors in each design).[42]
Note that since our system is fully reflective, no chromatic aberrations are
present.[26]

Spherical aberration (Figure 34) is caused by a difference of focus between rays
passing at the center of the lens (with small angles included) and the rays passing

at the edges of the lens. It causes a blur effect at the image plane. In comparison
with the other types of aberrations, t he spherical is the only one appearing at an
angle of incidence of 0°. It has the same magnitude for every angle of incidence.

l H=0 Paraxial

Image Plane

Exit
Pupil

FHGURE34: SPHERICAL ABERRATAN
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Coma (Figure 35) is an off-axis aberration causing a comet-like shape of the spot
at the image plane. This aberration is due to imperfections in the lens
magnification, or in the case of this thesis, different magnifications along the
freeform surface of the mirrors. Because of this high sensibility, Coma is the first

aberration to appear in tolerancing analysis. In addition, Coma increases linearly
with the field angle.
Paraxial Image Point
H#0
L N} by

Exit
Pupil

HGURE35: ComMA[42]

Field curvature (Figure 36) describes the aberration causing the image to focus
from a flat surface to a curved surface. The spot can be perfectly focused at the
curved focal surface but will be out of focus at the flat image plane. This off  -axis
aberrati onds ma g nththafidiccandglen ¢4RPle ases wi

H#0 Perfect image lies on a curved focal surface

Paraxial
Image
Plane

HGURE36: HELD CURVATUHRZ]

Astigmatism  (Figure 37) looks fundamentally like field curvature, but in addition,

sagittal and tangential rays are  focused at different points in the image plane.  This
phenomenon gives an oval shape to the spot a
[42]

Tangential Sagittal

HGURE37: ASTIGMATISM 2]

Barreld istortion (Figure 38) causes a variation of magnification along the ima ge

plane. At the edges of the image plane, lines will tend to bend and straight lines

become curved. This effect does notinfluence i n t er ms of focusing (i
the image blurry) and can be corrected through post-processing. Therefore, this

aberration is only minimally considered in the optimization .[42]
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The optimization of the design targeted minimizing the present optical aberrations. A
merit function was first defined, considering the RMS spot radius or MTF. Following the
optimization was performed targeting minimization of the merit function. The mirro r
surface parameters and freeform terms were set as variables during the optimization.
Since adapting the freeform mirrors for each of the channels would complicate the design

in terms of optimization, the same freeform mirrors at each channel were used. T he XY
polynomials for the first and the second freeform mirrors is given in Error! Not a valid
bookmark self -reference.

TABLEL: 6™ ORDERKYPOLYNOMIAL VALUES FOR THE TWO FREEFORM MIRRORS

Radius [mm] X2Y0 X0Y2 X0Y3 X4Y0 X2Y2 X0Y4 X2Y3 X0Y5 X6Y0 X4y2
I First 0,83 2,123E-03 1,456E-03 -4,383E-05 -1,910E-08 3,208E-07 -7,749E-08 -2,917E-09 2,115E-08 2,191E-10 2,174E-09
| Second 0,83 4,667E-03 -5,339E-03 -3,137E-05 -4,107E-06 -1,170E-06 -4,297E-06 -1,666E-07 -1,574E-07 1,192E-08 -6,140E-09

Once the freeform optics were integrated to the configuration, the merit function focused

on the geometry of the design. Optimization of the merit function was performed
considering the distances and angles between surfaces as variables. Dedicated operands
were added to limit aberrations, focal lengths and to correctly position the spots on the
image plane. This latter was particularly required in view of minimizing the smile
distortion. Additionally, the tilt angles were kept m inimal to improve compactness and to
minimize aberrations. Additional operands were included to limit the size of the detector
such that the different spots are confined in a limited area, namely the image plane.

3.1 SINGLE VIS CHANNEL

The single VIS channel spectrometer ( Figure 39) diffracts the light after the collimator
with a diffraction grating featuring 230[I/mm] . The diffracted light is focused through two
freeform mirrors, modeled with XY polynomials up to the 6  ® order. The first mirror is
concave while the second one is convex. Light is focused at the detector after the second
convex freeform mirror. The system fits within a CubeSat unit (1U) and the performances

at the image plane match the initial requirements.
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The RMS spot radius ( Figure 40) for different fields from 0° to 60° at 700nm (the central
wavelength of the VIS channel) shows an increasing spot from nadir to 60° respectively
with a value of 12 ,69um and 27,08um, nearly doubling the size. The spot radius tends to
increase between 0° and 21,82° FOV then decreases to reach its best performance with
12.05um at 43,64°. At the outer angles of the FOV, the RMS spots increases significantly .
At 54,55° the RMS spot is still in the same order as the previous RMS spots, however
between the 54,55° to 60° FOV the spot increases from 17,87um to 27,08um.

The spot diagram indicates that rays fall outside the Airy disk; therefore, the system is
not diffraction -limited. The Airy disk is linearly dependent on the wavelength  making it
more challenging to reach the diffraction limit in the lower part of the spectrum. At a
wavelength of 700nm and a f -number of 6,69, the Airy radius equals 5,96um,
corresponding to half of the value of the best RMS spot radius. In addition to the small
Airy radius, we can notice that the f -number is lower than the f/# of TROPOMI , which is
between 9 and 10.[24] The reason behind this difference lies in a smaller focal length
or/and a larger EPD for TROPOMI (single VIS, NIR, and Thermal channels share the
same EPD).
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0B1: ©,80, 8,88 (deg) 0B1: 60,88, 0,08 (deg) 0B1: 54,55, @,08 (deg) 0BI: 49,089, 0,08 (deg)
A
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g

MA: 8,800, @,918 mm IMA: -12,681, -8,493 mm IMA: -12,581, -8,26@ mm IMA: -11,418, -0,061 mm
0B1: 43,64, @,08 (deg) 0B1: 38,18, 0,08 (deg) 0B1: 32,73, 0,08 (deg) 0BI: 27,27, @,08 (deg)
IMA: -16,388, @,114 mm IMA: -9,349, 8,271 mm IMA: -8,296, 8,412 mm IMA: -7,189, 8,540 mm
0B1: 21,82, @,08 (deg) 0B1: 16,36, @,08 (deg) 0B1: 10,91, @,08 (deg) 0B1: 5,45, 8,80 (deg)
TMA: -5,000, 8,655 mm TMA: -4,694, 8,756 mm TMA: -3,251, 8,839 mm TMA: -1,671, 8,897 mm

RMS spot radius [um
0° 5,45° 10,91° | 16,36° | 21,82° | 27,27° | 32,73° | 38,18° | 43,64° | 49,09° | 54,55° 60°
12,69 13,3 15,17 17,02 17,52 16,41 14,42 12,74 12,05 13,39 17,87 27,08

FHGURHEO: SPOT DIAGRAM AT THE CENTRAL WAVELENGONS) FOR THEINGLE CHANNELSSPECTROMETER
SHOWING A MINIMUM SPOT AT NADIR AND A MAXIMBOIPAT

The tendency of the RMS spot radius to increase with wider field of view becomes more
present with larger wavelengths (  Error! Not a valid bookmark self -reference. ). At
400nm, the spot size remains almost the same between 0° and 60° while at 1100nm, the
spot size at 60° is more than twice the size of the one at 0°. The spot radius evolution across
the wavelength range is consistent but the 12um spot radius at 0° for the central
wavelength shows that a possible optimization improvement is still possible.

TABLES: SPOT DIAGRAM FOR TBfEAND6O°FIELD AT THEHORTESTENTRAL AND LONGEST WAVELENGTHS OF THE
SINGLE CHANN¥LSSPECTROMETER RANSHEOWING A TENDENCY OF THE SPOT TO INCREASE WITH THE FIELD AT LARGE

WAVELENGTHS
0° 60° 0° 60° 0° 60°
0g) s,ee,ﬁte,ee (deg) 08B): 60,00, 0,00 (deg) 08): ©,60, 0,00 (deg) 08): 60,00, ©,00 (deg) 08): 0,00, 0,00 (deg) 08): 60,00, 0,00 (deg)
; = % Z o o) ; o °
Wavelength 400nm 700nm 1100nm
Airy radius 3,41pm 5,96um 9,37um
RMS spot radius 19,47um |  19,38um 12,69um | 27,08um 2015um | 54,64um
Resolution ( Error! Not a valid bookmark self -reference. ) is calculated at nadir, and

when considering the best, worst, and average spot radius. The best and worst spots are
respectively found at the fields of 43,64° and 60° while the average spot equals 15,81um.
The resolution determines the performance qualit y both in the spatial and spectral axis.
Considering the average resolution, the 4km x 2,41nm resolution is better than the initial
requirements of 5km x 20nm. The spectral resolution is one order of magnitude better
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than what was targeted while the spatial resolution is almost a fifth better. Although the

best spatial resolution at nadir equals less than 3,4km, the resolution at 60° demonstrates

reduced performance with a spatial resolution of 7,16km. Nevertheless, t  his resolution is
comparable to TROPOMI 6s performance and only
TROPOMI is capable of capturing.

TABLEG: SPATIAL AND SPECTREE®LUTION AT THE DETESTRIRANE FOR TSIEIGLE CHANNELSSPECTROMETER
700NM), CALCULATED CONSIDERING THE ,BASIRAVERAGRAND WORST SPOT RADIUS

Resolution nadir Resolution best spot Resolution average spot Resolution worst spot
Spatial [km] | Spectral[nm] | Spatial[km] | Spectral[nm] | Spatial [km] |Spectral [nm]| Spatial [km] |Spectral [nm]
3,35 1,93 3,18 1,83 4,18 2,41 7,16 4,12

The footprint diagram ( Figure 41) shows that the shape of the detector is highly horizontal
with a dimension of approximately 28mm by 9,2mm. This is due to the demand for a high
spatial resolution requiring  stretching the spots on the spatial axis to resolve them more
easily. We also notice that smile effect is present on the footprint diagram.
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FGURH1: FOOPRINTDIAGRAM ON THE DETECTOR FORINBEE CHANN¥YLSSPECTROMETBRTHTHEFIELDS
BETWEER° TO60°SHOWING THE PRESENCE OF SMILE AND THE SIZRBR DHEHE DETECTIBE SPATIAL AND
SPECTRAL AXES XREOLORSANDY (ROW$, RESPECTIVELY

The PSF diagram validated the resolving power of the system for three neighboring spots

at nadir when considering the calculated resolution of 3,35km. To push the system to its
limit and to consider the smile effect in the resolution, the distance between the three
neighboring spots has been reduced until the resolution limit. The best spatial resolution
found based on the PSF ( Figure 42) shows that a distance of 1,85km between two spots
can still be resolved at nadir. This excellent resolution is close to the Airy disk resolution

of 1,58km. T his value is consistent when observing the spot radius shape at nadir. The
elongated shape of the spot indicates an almost diffraction -limited spatial axis, but the
tail on the spectral axis increases the RMS  value, resulting worse resolution value.

1,0

Relative Irradiance At y = ©,0000 um

-55,3 -44,3 -33,2 -22,1 -11,1 <] 11,1 22,1 33,2 44,3 55,3
X-Position (um)
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FHGURH2: PSFOF HREERNEIGHBORINGPOTS AT NADFRR THE SINGLE CHANWESSPECTROMETER 700NM)
SHOWING THE BEST RESOLVABLE DISTANCE BETWEEN THE SPOTS

The MTF (Figure 43) shows that the system is not entirely diffraction -limited (the
diffraction limit for the tangential and sagittal rays are the black curves at the top).
Indeed, some fields, especially the one at 60° in green, have some issues to provide a good
resolution . However, the Nyquist frequency for the system, calculated with the average
RMS spot radius as half the pixel pitch, yields a value of 15.81 cycles/mm. At this value,
the overall Modulation Transfer Function (MTF) exceeds 0.5, which means that the
resolution of our optical system is able to resolve 50% of the initial contrast

Modulus of the OTF

] 2,5 5, 7,5 1e,0 12,5 15,8 17,5 20,0 22,5 25,0
Spatial Frequency in cycles per mm

FGURE3: MTFFOR THBINGLEHANNENISSPECTROMETER 700NM)

The system for the single -channel VIS spectrometer only suffers from spherical aberration

(Figure 44) . This result wasnodot expected especially s
for WFOV systems. However, due to the complexity of the freeform terms, atrade  -off often

occurs between the compensation and minimization of the aberrations.

Freeform mirror 1 Freeform mirror 2 SUM
|

l i 10mm

Spherical Cona Astignatism Field Curvature Distortion Axial Color Lateral Color

FHGURH4: SEIDEL DIAGRAM FOR THE SINGBEHANNEL SPECTROMEIHBWING THE PRESENCE OF ONLY SPHERICAL
ABERRATION

A second design for the VIS channel is proposed and evaluated. This design is based upon
the Offner relay which consists, for a spectrometer, of two concentric spherical mirrors
with a grating between them (considering the optical path). This design is one of the most
used configurations, showing excellent performances in previous research, making it an
interesting candidate to explore .[43] In our design, the mirrors share the same radius but
are freeform with independent XY polynomials, since only spherical mirrors did not offer

a sufficient amount of degrees of freedom to optimize the design.
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The geometry of this design requires the rays to diverge from the object, therefore, no

collimator is present in the system, making this geometry hard to integrate into a full
three -channel spectrometer. The aim of this design is therefore not to  be integrated into
our final three -channel spectrometer, but to see the effects of an alternative design  on the

performances at the image plane.

Freeform
mirror

wwgs

p
v

51mm
FGURES5: SNGLEVISCHANNEL SPECTROMBVER THEOFFNER ARCHITECTURE

The system still requires an extended optimization to reach  the diffraction limit. The RMS
spot diagram ( Figure 46) shows that rays have an RMS spot radius between 62,05um at
nadir to 87,15um at 60°, with an average spot of 68,24um. In comparison with the previous
single -channel VIS spectrometer, th e radius is 3,2 to 5,4 time s larger.
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0BJ: 0,00, 0,00 (deg) 0BJ: 60,00, 0,00 (deg) 0BJ: 54,55, 0,00 (deg) 0BJ: 49,09, 0,00 (deg)
[~
[
o ° ° o °
[~
<
MA: 0,000, ©,748 mm IMA: -14,137, 0,784 mm IMA: -12,873, 0,797 mm IMA: -11,719, 0,808 mm
0B1: 43,64, 0,00 (deg) 0B1: 38,18, 0,00 (deg) 0BJ: 32,73, 0,00 (deg) 0BJ: 27,27, 0,00 (deg)
o o o o
IMA: -10,619, 0,816 mm IMA: -9,534, 0,819 mm IMA: -8,433, 0,816 mm IMA: -7,286, 0,807 mm
0BJ: 21,82, 0,00 (deg) 0BJ: 16,36, 0,00 (deg) 0BJ: 10,91, 0,00 (deg) 0BJ: 5,45, 0,00 (deg)
° ° ° °
IMA: -6,062, 0,792 mm IMA: -4,730, 0,775 mm IMA: -3,268, 0,760 mm IMA: -1,677, 0,751 mm

RMS spot radius [um
0° 5,45° 10,91° | 16,36° | 21,82° [ 27,27° | 32,73° | 38,18° | 43,64° | 49,09° | 54,55° 60°
62,05 63,39 65,75 68,5 70,27 70,05 68,07 65,67 64,68 66,62 66,62 87,15

AGURE6: SPOT DIAGRAM ATOONM FOR THBINGLE CHANN¥LSOFFNER SPECTROMESHAWING A SPOT SIZE
LARGRTHAN THE PREVIOUS SINGLE CHANNEL DESIGN

The large spot radius is negatively impacting the resolution both on the spatial and
spectral axis. The spectral resolution remains below or equal to the required 20nm, but
the spatial resolution is three to four times larger than the required 5km.

TABLE/: SPATIAL AND SPECTRAL RESOLUTION AT THE DE PFEGRNERFOR THE SINGLE CHANSEEFNER
SPECTROMETER 700NM), CALCULATED CONSIDERING THE ,BEBIRAVERAGE AND WORST SPOT RADIUS

Resolution nadir Resolution best spot Resolution average spot Resolution worst spot
Spatial[km] | Spectral[nm] | Spatial[km] | Spectral[nm] | Spatial [km] |Spectral[nm]| Spatial [km] |Spectral [nm]
15,83 14,48 16,50 15,09 17,56 16,05 22,24 20,34

With an Airy radius of 6,75um and an average spot radius ten times larger, equal to
68,24um, the design is far from the diffraction limit. This has an effect on the resolution,

but also on the MTF that is showing a bad performance. The MTF drops below 0,5 at 3,5
cycles/mm for every tangential ray, and 6 cycles/mm for every sagittal ray. In addition,
due to the large spot radius, the Nyquist frequency for the detector limits the optical
systemds resolution at 3,6 cycles/ mm.

The optical system needs improvements and further optimization to achieve acceptable
resolution levels. Despite the current poor resolution, the results shown in the footprint
diagram (Figure 47) are promising for the future exploitation of this design. Particularly,
this system has been able to reach an imaging without smile effect. Each spot on the
footprint diagram is perfectly aligned, indicating that the detector's plane accurately
matches the edges of spatial and spectral coordinates. The absence of the smile is thanks
to the symmetrical design featuring identical radii of the two mirrors,  together with the
parallel orientation of the object and image planes.  Care should however be taken when
optimizing towards higher resolution, since this might still induce an enlarged smile
effect.
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HGURE7:FOOTPRINT DIAGRAM THE SINGLE CHANNESOFFNER ARCHITECTBRBWING THE ABSENCE OF SMILE
EFFECT IN THE SYSTEHE SPATIAL AND SPECTRAL AXBHBREORSANDY (ROWS, RESPECTIVELY

3.2 SINGLE -CHANNEL NIR SPECTROMETER

The design of the single-channel NIR spectrometer ( Figure 48) followed the same
methodology as the single-channel VIS spectrometer. A collimator provides parallel rays
to the 12 O[I/mm] diffraction grating ; light is then focused via two freeform mirrors, the
first concave, and the second convex.

WWEE

57mm

FHGURHS8: SNGLECHANNENIRSPECTROMETER

The RMS spot radius at 1400nm ( Figure 49) shows great performances with a range of
values for the spot radius between 4,61um at 38,18° and 11,39um at 60°. The average spot

is equal to 6,28um and the spot radius at nadir is 7,21um. The evolution of the spot through

the increasing FOV does not exh ibit a constant variation; there are two minima at 5,06°
and 3,18°, and three maxima at nadir, 21,82°, and 60°. The variation at the largest FOV
angles is significant, with the spot size doubling in the last 5°. Specifically, between 54 ,55°
and 60°, the RMS spot radius increases from 6 ,08um to 11,39um.
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0BJ: 0,00, 0,00 (deg) 0BJ: 60,00, 0,00 (deg) 0B): 54,55, 8,00 (deg) 0BJ: 49,09, 0,00 (deg)
L)
[S]
3 O O ® &
|
g

: 0,000, 1,677 mm MA: -13,952, 0,230 mm IMA: -12,748, @,471 mm ™A: -11,644, ,675 mm
0BJ: 43,64, 0,00 (deg) 0BJ: 38,18, 0,00 (deg) 0B3: 32,73, 8,00 (deg) 0BJ: 27,27, 0,00 (deg)
IMA: -10,586, 0,855 mm IMA: -9,537, 1,815 mm MA: -8,463, 1,168 mm MA: -7,336, 1,290 mm

08): 21,82, 0,00 (deg) 0BJ: 16,36, 0,00 (deg) 0B3: 10,91, 8,00 (deg) 0BJ: 5,45, 0,00 (deg)
IMA: -6,122, 1,408 mm IMA: -4,792, 1,511 mm IMA: -2,319, 1,596 mm MA: -1,786, 1,656 mm

RMS spot radius [um
0° 5,45° 10,91° | 16,36° | 21,82° | 27,27° | 32,73° | 38,18° | 43,64° | 49,09° | 54,55° 60°
7,21 6,09 5,06 5,99 6,77 6,18 4,87 4,61 5,39 5,74 6,08 11,39

FGURH9: SPOT DIAGRARIF THE SINGLE CHANNHRSPECTROMETERIMOONM SHOWING DIFFRACTHOMNITED
SPOT@T EACH FIELDS

Along several wavelengths of the single channel NIR  spectrometer ( Table 8), we notice
that the spot radius is nearly diffraction limited. The spot does not systematically
increases its radius along the fields since the spot radius at 1100nm decreases at 60  °.

TABLES: SPOT DIAGRAM FOR THfEAND6O°FIELD AT THEHORTESTENTRAL AND LONGEST WAVELENGTHS OF THE
SINGLE CHANNNLRSPECTROMETER RANSHOWING AN APPROXIMATIVELY CONSTANT VARIATION ACROSS THE SPECTRUM
AND THE FIELDS

o 60° [old 60° 0 60°
081: ©,00, 0,00 (deg) 08): 60,00, 0,00 (deg) 08): 0,00, 0,00 (deg) 08): 60,00, 0,00 (deg) o83: ©,08, 0,00 (deg) 083: 60,00, ©,00 (deg)
] ® e O O ] @ b
MA: @,000, 3,195 mm IMA: -14,845, 1,926 mm MA: 0,000, 1,677 mm IMA: -13,952, 0,230 mm MA: ©,000, ©,000 mn IMA: -13,882, -1,684 mm
Wavelength 1100nm 1400nm 1700nm
Airy radius 9,69um 12,34pm 14,98um
RMS spot radius 10,77um | 6,82um 7,21pm | 11,39um 9,71um | 16,65um

The f/# of the system is 7.2, corresponding to an Airy radius of 12.36um. As each spot
radius is smaller than the Airy radius, the system is considered as being diffraction -
limited. The calculation of the resolution based on the RMS spot radius (  Table 9) shows
outstanding results with an average resolution of 1,64km by 1,35nm; however, due to the
diffraction -limited nature of the system, the resolution is limited by the Airy disk at nadir

at 3,22km by 4,49nm. This outstanding, spatial resolution is 4,2 times better than the one

of TROPOMI and a third of the targeted resolution of 5km
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TABLES: SPATIAL AND SPECTRAL RESOLUTION AT THE DE FEGNBRFOR THE SINGLE CHANRSPECTROMETER

1100NM) calC
Resolution nadir

11l ATED CONSINDFRING THF
Resolution best spot

Resolution average spot

RESMAVFRAGE AND WORST SPOT RADILIS

Resolution worst spot

Spatial [km] | Spectral [nm] | Spatial [km] | Spectral [nm] | Spatial [km] S?E‘;gal Spatial [km] SFEE;:;"“
1,88 1,55 1,41 1,16 1,64 1,35 2,97 2,44

The footprint diagram ( Figure 50) shows that a smile effect is present in the system.

The final area of the detector is 28,36x5,6mm
various field angles, and the rows (Y -axis) to the wavelengths.
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FOOTPRINT DIAGRADF THE SINGLE CHANNHRSPECTROMETSEROWING SMILE EFFECT AND THE SIZE OF
THE DETECTORHE SPATIAL AND SPECTRAL AXBS@REORSANDY (ROW$, RESPECTIVELY

The spectrometer is well able to resolve three neighboring spots along the spatial axis
when considering the Airy disk resolution of 3,22km. We evaluated the spatial resolution

by reducing the distance between those three spots at nadir. This calculated re
does not take the smile effect into account in its calculation. The best resolvable spatial

resolution found through the PSF diagram (

resol u

Relative Irradiance At y = ©,0000 pm

tion i

1,0

S approximately
this resolution considers the system pushed at its limit and in absence of the smile effect.

2,5

ti mes

-138,9  -111,2

-83,4 -55,

6

-27,8 )

27,8

X-Position (pm)

55,

6 83,4

111,2 138,9

solution

Figure 51) is equal to 2,77km at nadir. This

better

FHGURE 1: PSFOF THREE NEIGHBORING SPOTS AT NADIR FOR THE SINGLYIBSREREROMETER 1100NM)
SHOWING THE BEST RESOLVABLE DISTANCE BETWEEN THE SPOTS

t

h
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The MTF ( Figure 52) shows that the system is well diffraction limited even if the 60° field
in green is a bit lower. The Nyquist value, calculated from the Airy disc radius, limits the
MTF at 20 cycles/mm. All fields at this spatial frequency have an MTF between 0,65 and

0,77 except for the tangential field at 60° which shows a value around 0,55.
1,0

Modulus of the OTF
‘Q
[Va]

) 3, 6,0 9,0 12,8 15,0 18,0 21,0 24,8 27,8 30,0
Spatial Frequency in cycles per mm

RAGURB2: MTFOF THE FUIROVAT1100NM FOR THE SINGLE CHANWIERSPECTROMETER

The Seidel diagram ( Figure 53) shows an even presence of each type of aberration in the
system (except field curvature) but the aberrations in the system are relatively minor and
do not significantly impact the final resolution of the system.

Freeform mirror 1 Freeform mirror 2 M
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HGURES3: SEIDEL DIAGRAM OF THEGLEEHANNENIRSPECTROMETER

3.3 SINGLE -CHANNEL THERMAL SPECTROMETER

The single-channel thermal spectrometer fits inside one CubeSat unit and has a
diffractive grating of 0,01 5 lines per millimeter . It has the same structure as the single
VIS and NIR channel made of one reflective grating with two 6% order XY polynomial
freeform mirrors to focus t(kigurel54d).ght at t he

det ec
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57mm

RGURB4: SNGLETHERMAL CHANNEL SHOWING THE DIFFERENT PARTS OF THE SYSTEM AND ITS SIZE FITTING IN ONE
QUBESAT UNIT

The RMS spot radius diagram ( Figure 55) shows a fully diffraction -limited system.
Reaching the diffraction limit eases with increased wavelength, since the Airy disk is
linearly proportional to the wavelength. Since the system is operational on a spectrum
between 8um to 14um, the central wavel ength (11um) at which the RMS spot radius is
simulated showcases an Airy radius of 94,18um. At this central wavelength, the spot
radius goes from 20um at 21,82° to 27,93um at 43,64° field angles.

0BJ: ©,00, 0,00 (deg) 0BJ: 60,08, ©,00 (deg) 0BJ: 54,55, 9,00 (deg) 0BJ: 49,89, 0,00 (deg)

MA: ©,800, ©,800 mm IMA: -13,878, -1,54% mm IMA: -12,673, 1,200 mm IMA: 11,575, -1,871 mm
0B): 43,64, 0,00 (deg) 0BJ: 38,18, ©,00 (deg) 0B1: 32,73, 0,00 (deg) 0BJ: 27,27, ©,00 (deg)
IMA: -1€,522, -,872 mm IMA: -9,472, -0,766 mm IMA: -8,411, -©,551 mm IMA: -7,289, -0,412 mm
0B): 21,82, 8,08 (deg) 0BJ: 16,36, 0,08 (deg) 0B): 18,91, 8,08 (deg) 0BJ: 5,45, 8,00 (deg)
IMA: -6,683, -0,286 mm IMA: -4,761, -8,177 mm IMA: -3,298, -6,886 mm IMA: -1,695, -8,023 mm

RMS spot radius [um
0° 5,45° 10,91° | 16,36° | 21,82° | 27,27° | 32,73° | 38,18° | 43,64° | 49,09° | 54,55° 60°
27,2 25,81 22,92 20,59 20,03 21,25 23,51 25,96 27,68 27,93 27,73 21,34

FHGURES5: SPOT DIAGRAM OF THE SINGHERMAL CHANNEL AT THE CENTRAL WAVE(ENGTHSHOWING THAT THE
SPOTS ARHFFRACTIGNMITED AT EACH FIELDS

Table 10 shows that the spots are diffraction limited at each wavelengths of the Thermal
channel.
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TABLELO: SPOT DIAGRAM FOR TBfEANDGO°FIELD AT THEHORTESTENTRAL AND LONGEST WAVELENGTHS OF THE
SINGLE CHANNEHERMAL SPECTROMERERGESHOWING@HAT THE SPOTS ARE DIFFRACTION LIMITED ACROSS THE

("l'\l_f"rl-\l INA AN THIE I RO
o

o o 60° 0° 60°
083: 6,00, 9,00 (deg) 08): 60,00, 0,00 (deg) QB: 0,00, @,00 (deg) 0B): 60,00, 0,80 (deg) 08]: 0,00, 0,80 (deg) 083: 680, aa 9,00 (deg)
Wavelength Sum 11pm 14pm
Airy radius 68,49um 94,18um 119,9um
RMS spot radius 2521um | 20,15um 27,21um | 21,34um 41,76pm | 47,66um

The calculated resolution ( Error! Not a valid bookmark self -reference. ) based on the
RMS spot radius yields an average value for the spectral resolution that is twice the
requirement of 20nm. This is due to the broadness of the spectrum rather than the quality

of the focus (a better resolution is achievable by increasing the grati
periodicity/diffraction angle but requires then a wider detector). The spatial resolution is
between 5km and 7km. The 5km resolution matches the requirements, while the 7km
resolution is in the same order of magnitude as TROPOMI. Considering the system being
fully diffraction limited, the Airy disc size needs to be considered during the resolution
calculations. The shorter distance at which two spots can be resolved in the simulations
equals 94,18um, corresponding to a resolution of 24,4km by 230 nm. This physical
limitation on the resolution influences the average spatial resolution calculated via the
spot radius being reduced by a factor of four and the required  spectral resolution by a
factor of five. The spectral resolution induced by the Airy radius is eleven times higher
than the 20nm required.

ngos

TABLEL1: SPATIAL AND SPECTRAL RESOLUTION AT THE DEFEGNBREOR THE SINGLE CHAMERMAL
SPECTROMETER 11uM), CALCULATED CONSIDERING THE ,BESIRAVERAGE AND WORST SPOT RADIUS
Resolution nadir

Resolution best spot

Resolution average spot

Resolution worst spot

Spatial [km]

Spectral [nm]

Spatial [km]

Spectral [nm]

Spatial [km]

Spectral [nm]

Spatial [km]

Spectral [nm]

7,10

42,95

5,23 31,63

6,35 38,41

7,29 44,10

As expected by the Rayleigh criterion, it is not possible to resolve three neighboring spots
on the PSF by considering the RMS spot radius resolution. In this case, the PSF merges

with the neighboring spots. By considering the resolution measured via the A

iry radius, it

is possible to draw a PSF plot in which the three neighboring beams are resolved. The

maximum resolvable spatial resolution on the PSF diagram (
possible to reach a 16,95km resolution at nadir.

Figure

56) showed that it is

This resolution features a net

improvement of 7,5km from what has been calculated and is now only 3,5 times higher

than the spatial resolution required. The improvement from the calculati

on is partially

due to the smile effect that is not considered in the resolution calculation but also to the
enclosed energy that shows the percentage of light present as function of the distance from
centroid (Figure 57). At 95um (the Airy radius), the encircled energy of each field is
positioned on a plateau (where 83% of the light is encircled) that begins around 75um from
It means that between 75um and 95um the same amount of light is encircled
and the resolution can possibly be improved.

the centroid. .
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HGURES6: PSFOF THREE NEIGHBORING SPOTS AT NADIR FOR THE SINGLEHERMANEPECTROMEPER OONM)
SHOWING THE BEST RESOLVABLE DISTANCE BETWEEN THE SPOTS
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HGURES7: ENCLOSED ENERGY FOR EACH FIEIPM\FOR THE SINGOIEERMAL CHANNEL SPECTROMETER

The MTF ( Figure 58) shows a diffraction -limited system in which each field perfectly
matches the diffraction limit despite a small difference between the sagittal and tangential

rays at higher frequencies, certainly due to astigmatism. The Nyquist frequency for a pixel
pitch defined as twice the Airy radius limits the optical system at 2,65 cycles/mm,
corresponding to an MTF of 0,7. The low value of this limiting spatial frequency
significantly restricts the system's resolution in terms of spatial frequencies.
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9,50

Modulus of the OTF

1,36 2,73 4,1 5,45 6,82 8,18 9,54 18,9 12,27 13,63
Spatial Frequency in cycles per mm

FHGURE8: MTFAT THE CENTRAL WAVELEN®G1M) OF THESINGLEEHANNELHERMAL SPECTROMETER

The Seidel diagram shows a moderate presence of each type of aberration. Some of them,
such as astigmatism leading to an oval shape of the spot or spherical causing a blurry
focus at small angles, can easily be distinguished on the spot diagram (  Figure 55).

The main possible improvement of this system lies in the reduction of the Airy radius size.

The current Airy radius is too large and has a huge effect on the spatial and spectral
resolution. Techniques for improvements should focus on reducing the f-number by
increasing the focal length or increasing the entrance pupil diameter.

3.4 FINAL THREE -CHANNEL SPECTROMETER

The final design of the freeform three-channel spectrometer (Figure 59) features 9

freeform mirrors : two are dedicated to the telescope to collect the light and then focus it to

t he spectr ome,toreisfosthe edlimata, ant &vo are required at each  channel

of the spectrometer to focus the I ight on the
0geometricallyd bet ween tNiRechainelg thmavo latemate t he VI
separated via a dichroic beam splitter. Each  channel has its proper diffraction gratings.

Additionally, the spectrometer is fitting inside one CubeSat unit (1U) which is a
requirementds achievement.

FHGURES9: FULL VIEW OF THE FINAL THREE CHANNEL SPECTROMETER INCLUDING (09REE F8,6Q°) AND THE
MEASURES OF THE SPECTRONEBRERGEAND SPECTROMEFERELESCORELUB SHOWING THAT THE SPECTROMETER
IS FITTING IN ONBBESAT UNIT

Each of the channels is discussed separately in the next sections. They all feature
extremely good performances and all match the requirements (given in section 1.3), except
for the thermal channel which limited by the Airy radius.
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