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Preface

Building on the extraordinary success of the James Webb Space Telescope (JWST) and the
remarkable technological advancements that have made it possible to deploy a 6.5-meter telescope
in space, this Special Issue showcases the latest developments in Space Telescopes and Payloads.
With the ongoing exploration of Mars by rovers and the first-ever flight of a helicopter off Earth, as
well as the Solar Orbiter’s unprecedented imagery of the Sun and Parker Solar Probe touching the
solar corona, this is an exciting time in the advancement of space-based instruments central to such
groundbreaking missions.

The contributions to this Special Issue present the current and future challenges on Space
Telescopes and Payloads that sciences and technology are facing, covering all spectral ranges and
scientific cases.

The Guest Editors of this Special Issue (SI) would like to thank all authors for their contributions.

Special thanks to August Wang, whose efforts and dedication made this SI possible. Thanks are also
extended to the team at MDPI Aerospace.

Ariadna Calcines Rosario, John Capone, Sophie Musset, and Paula Chadwick

Guest Editors
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A High-Resolution Mass Spectrometer for the Experimental
Study of the Gas Composition in Planetary Environments:
First Laboratory Results
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Abstract: A new laboratory Orbitrap™ cell-based mass spectrometer, OLYMPIA (Orbitrap analYseur
MultiPle IonisAtion), without a C-trap module, has been developed and constructed. The first
operation of the Orbitrap™ cell-based device with the continuous ion source and without the C-trap
module is reported. OLYMPIA is being developed and used as a workbench platform to test and
develop technologies for the next generation of spaceborne mass spectrometers and as a laboratory
instrument to perform high-resolution studies of space-relevant chemical processes. This instrument
has been used to measure the quantitative composition of CO/N,/C,Hy mixtures of the same
nominal mass using an electron ionization ion source. The relative abundance of ions has been
measured using a short acquisition time (up to 250 ms) with a precision of better than 10% (for
most abundant ions) and a mass resolution of 30,000-50,000 (full width at half maximum) over the
mass range of m/z 28-86. The achieved mass accuracy of measurements is better than 20 ppm. This
performance level is sufficient to resolve and identify the CO/N;/CyHs components of the mixtures.
The dynamic range and relative ion abundance measurements have been evaluated using a reference
normal isotopic distribution of krypton gas. The measurement accuracy is about 10% for the 4 most
abundant isotopes; 6 isotopes are detectable.

Keywords: high-resolution mass spectrometer; Orbitrap; continuous ion source; no C-trap; ion optics

1. Introduction

Mass spectrometry is one of the most efficient techniques for in situ experimental stud-
ies of the chemical composition of samples of astrochemical relevance. In situ measurements
carried out during recent space missions to Saturn and its moons (Cassini-Huygens [1-4])
and the 67P/Churyumov—Gerasimenko comet (Rosetta [5-7]) have provided unique data
on the composition of the environment and surface of the Solar System’s bodies. These
missions unveiled the complexity of the chemical composition of both the atmosphere
of Saturn’s moon Titan [3,4,8-10] and of comets, which are considered to be relatively
primitive small space bodies.

One of the most advanced space mass spectrometers flown onboard space missions,
the Rosetta Double Focusing Mass Spectrometer (DFMS) of the Rosetta Orbiter Spec-
trometer for Ion and Neutral Analysis (ROSINA) module, provided a mass resolution of
m/Am == 3000 at 1% of the peak height (corresponding to ~9000 at full width at half maxi-
mum (FWHM)) with a 1-150 u mass range [11-13], which was sufficient to resolve Ny from

Aerospace 2023, 10, 522. https:/ /doi.org/10.3390/ aerospace10060522 1 https://www.mdpi.com/journal /aerospace



Aerospace 2023, 10, 522

CO [14]. Detection of prebiotic organic molecules, such as glycine, was also performed, but
deconvolution tools and careful examination of the fragmentation pattern were necessary
as the resolution was not sufficient for direct and unambiguous identification of complex
organic molecules (Altwegg et al., 2016). For this purpose, when the mass resolution
of the measured mass spectra is not sufficient, supplementary analytical deconvolution
algorithms [15] and complex chemical models [16,17] are required for a comprehensive
description of the chemical composition of extraterrestrial environments.

The chemical diversity of the extraterrestrial medium and the limited mass resolu-
tion of current state-of-the-art space instruments call for a new generation of spaceborne
mass spectrometers and the development of ground-based analytical instruments for ad-
ditional comparative laboratory studies of space-relevant samples. High-resolution mass
spectrometry allows the identification of complex organic compounds without a need for
complementary separation techniques, e.g., chromatography [18], spectroscopy [19], or
collision-induced dissociation [20]. In recent years, significant technological and scien-
tific advances have been made in the field of high-resolution space mass spectrometry.
Several flight instruments and prototypes of high-resolution mass spectrometers are cur-
rently under development and are at different space technology readiness levels (TRL).
The MAss SPectrometer for Planetary EXploration (MASPEX) (Brockwell et al., 2016) on
board NASA's future Europa Clipper mission is characterized by sufficient mass resolution
to identify simple hydrocarbons, i.e., m/Am ~ 7000 at m/z 2-32 and around 24,000 at
m/z 16-114, using the time-of-flight (ToF) technique. Two high-resolution laser ablation
space mass spectrometers, the Characterization of Ocean Residues and Life Signatures
(CORALS) instrument and the Characterization of Regolith and Trace Economic Resources
(CRATER), are being developed as part of an international collaboration between NASA
and CNRS laboratories with the support of CNES [21]. They both include the CosmOrbitrap,
a space-flight prototype of a high-resolution mass analyzer developed by a consortium of
six laboratories [22], based on the commercial OrbitrapTM cell (Thermo Fisher Scientific,
Bremen, Germany). The CosmOrbitrap has a mass resolution that varies from 474,000 to
90,000 for a 9 to 208 m/z range and an acquisition time of 832 ms [22].

In this work, a novel compact high-resolution mass spectrometry (HRMS) laboratory
instrument based on the Orbitrap technology, named OLYMPIA (Orbitrap analLYseur
MultiPle IonisAtion) is presented. The instrument is compatible with different types of
ion sources that have recently been built in our laboratory. This setup is being used as a
proof of concept for laboratory analytical applications and as a workbench platform. In
this work, a configuration that uses a continuous electron ionization (EI) ion source for the
high-resolution gas analysis of compounds relevant to planetary environments has been
tested. Certain decreases in the mass resolution compared to the ultimate values of the
best commercially available Orbitrap mass analyzers are expected due to the higher kinetic
energy distribution spread of ions and probable diffusion of the gas from the source inside
the trap volume for the proposed configuration of the device. Experimental characterization
of the mass analyzer is required to facilitate future use of the proposed configuration for
laboratory and space applications.

2. Materials and Methods

OLYMPIA (Figure 1) is a HRMS instrument based on the Orbitrap technology for
mass analysis proposed and developed by A. Makarov [23]. Its configuration is intended to
support the development of future compact and low-resource space instruments without C-
traps. The C-trap is a proprietary device used in commercial Orbitrap mass spectrometers
for the concentration and increasing monochromaticity of the kinetic energy of ions by
collision with the neutral buffer gas prior to injection into an electrostatic trap. It allows
achieving ultra-high mass resolution (m/Am > 10° [24]), but it increases the complexity,
mass, and power consumption of the instrument and requires an additional gas reservoir.
In contrast, the low-resource design without a C-trap makes OLYMPIA lighter, more
transportable, and easier to maintain and operate. It is designed to provide mass resolution
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adequate for the next generation of space mass spectrometers (11/Am around 50,000) and is
equipped with a modular structure ionization source.

ion trap
turbo pump

ion source

turbo pump
chamber
stage 3

chamber
stage 1

QLEIT chamber
stage 2

gas inlet =—>

main chamber .
turbo pump S

Figure 1. Schematic of the OLYMPIA instrument: principal components of the vacuum system
(left panel); CAD model of the arrangement of the vacuum system (right panel) made of Pfeiffer
Vacuum, Edwards Vacuum, and Hositrad Vacuum Technologies commercial off-the-shelf components
(publicly available models of turbo pumps, vacuum chambers, ion gauges, flanges, and feedthroughs
have been used).

2.1. Ion Source and lon Optics

In this work, a continuous EI ion source, built in our laboratory, has been used to
produce ions from neutral gas samples. It consists of an ionization chamber with a gas
inlet capillary, tungsten filaments, and a pusher electrode that deflects ions towards the ion
optics. The variable ionization potential values used for the experiment are within the range
of 100-150 V. A gas mixing station was used to prepare samples with a defined mixture
ratio. The station is connected to a dry-scroll backing pump and a ceramic technology
membrane capacitance pressure gauge (Pfeiffer Vacuum CMR 361, Asslar, Germany). The
background pressure of the system, 0.8 mbar, limits the purity of the gas mixture, typically
prepared at 1000 mbar. The used gauge ensures equal sensitivity to various gases, and
the tolerance of the partial pressure of component gases is rated at 0.2% over the selected
pressure measurement range. The gas mixture vessel is first filled with the less abundant
gas to improve accuracy. The connecting piping is evacuated to a vacuum level better than
is measurable with the gauge after each mixture vessel filling. The commercially available
pure gas containers used to prepare the mixture have a purity grade several orders of
magnitude higher than the resulting mixture.

Similar to the LAb-CosmOrbitrap (Briois et al., 2016, Selliez et al., 2019), ions are
directly injected into the trap from the ion source. For this work, a custom electrostatic ion
optics module controlled with high voltage (HV) power supplies (iseg Spezialelektronik
GmbH, Germany) was used. The ion optics module is composed of in-line electrodes, as
shown in Figure 2. The ion optics is used to transport ions extracted from the ion source, to
form the focused bunch of ions, and to correct its pointing if it is needed for the optimal
injection conditions. The set of ion lenses is directly connected to the Orbitrap mounting
plate. The ion beam is focused into the Orbitrap input orifice and can be detected after
passing through the Orbitrap cell using an electron multiplier (DeTech 2700, Detector
Technologies, Inc., Palmer, AK, United States) placed behind the Orbitrap, opposite the ion
optics. The timing parameters of the injection of an ion packet can be optimized using a
pulsed ion optics system controlled by an HV switch module (CGC Instruments, Chemnitz,
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Germany). In the current experiment, this option has been used as a transition mode
between pulsed and continuous ion source modes.

to vacuum
i system
ion detector for

4 «— beam alignment

electrostatic
ion trap

HY puised | ol [ADCI— FPGA|

preamplifier preamplifier
stage 1 stage 2

power supply e \ ] _
— differential
HV power | — ., pumping wall [PCisoftware]
supplies - \
| ; ion optics
™~ ion source

!o vacuum
system

Figure 2. Functional illustration of OLYMPIA. Components inside (resp. outside) the vacuum
chamber are indicated in grey (resp. in blue).

2.2. Mass Analyzer, Data Acquisition and Processing

The core part of the instrument is the D30-type commercial OrbitrapTM cell (Figure 2).
Similarly to commercial devices based on the Orbitrap cell, in OLYMPIA, after injection
into the trap and electrodynamic squeezing [25], ions are dynamically confined inside the
trap by the electrostatic field, spinning around the axis with an oscillating movement along
the central electrode axis. The frequency of the cyclic motion of ions is defined by the
parameters of the trap and the m/z values of the ions [23].

The axial oscillations of the trapped ions induce the current between the receiving
electrodes of the Orbitrap cell. This current is detected by the preamplifier. The signal
is then converted by an analog-to-digital converter (ADC) and further processed using
Fourier transformation algorithms. Finally, the mass-to-charge ratio of ions is evaluated by
the frequency of their oscillation [23].

A new customized high-gain differential preamplifier has been developed and con-
structed by JanasCard Company (Prague, Czech Republic) for the OLYMPIA setup. This
preamplifier has been tested to be functional under vacuum conditions. The preamplifier
output voltage is digitized by a 16-bit, 20 MHz, Picoscope® ADC unit (Pico Technology,
Cambridge, UK).

The time domain data are pre-processed with doubling signal duration by zero-
padding to increase the discrete resolution and, thus, the frequency accuracy. Then, a Hann
function-shaped window apodization to minimize spectral leakage [26] is applied. The
main data processing includes the application of fast Fourier transformation (FFT) using
an FFTW implementation of the Cooley-Turkey algorithm [27] to convert the measured
time domain signal into a frequency spectrum. The frequency spectrum is then converted
to a mass spectrum using the theoretical model of Orbitrap-based mass analyzers [25,28]:

1 k
fzﬁwmi/q @™

where f is the frequency of ion axial motion, m is the mass of the ion, k is a calibration factor
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that characterizes the curvature of the electrostatic field, and g is the electrical charge of the
ion. The calibration factor k is calculated for each dataset using the measured frequency
and the known exact mass of the calibration ion.

3. Experimental Results

Laboratory measurements have been performed to benchmark the instrument’s capa-
bilities to resolve isobaric ions in several gas mixtures. Samples composed of molecular
nitrogen (N3), carbon monoxide (CO), and ethylene (C,H4) have been used to determine
the resolving power of the mass analyzer at m/z 28. Quantitative measurement capability
has been examined with CO and N; samples at different mixing ratios. Finally, a pure
krypton sample was used to assess the quantification of isotopic abundances.

3.1. N,/CO/C,Hy Gas Mixture

The mass spectra of CO, N, and C,Hy gases of the same nominal molecular mass
(m/z 28), mixed in equal proportions, have been measured (Figure 3). A high resolution
(m/Am > 3000 at FWHM) is required to resolve CO* m/z 27.9949, N,* m/z 28.0061, and
CyHy m/z 28.0313 ions in the spectrum and to measure their respective abundances.

T T g T ¥ T ¥ T

. ——20ms + |
10 "triple peak" CH,
- . CcO
@ 05 . Gl 2 i
[ ) C,H;
9
=
© 0.0
()]
N T X T ! T i T 4 T
© 50 3 i
E 101 me “triple peak" . +4
= CcO
8 C.H 5
05 I CzHE 2 I 3 I 2 -
C2H+ | | . C2H5+ ]
25 26 27 28 29

m/z

Figure 3. The EI mass spectrum of N, /CO/CyHy gas mixture with a 1:1:1 ratio. Ionization chamber
pressure is estimated at 1 mbar. Accuracy of the measured peak mass values is 5-20 ppm compared
to NIST atomic weights and isotopic composition data. Spectra are evaluated from the same time
domain data measurement by adjusting its duration at the processing phase to remain fixed conditions
of the experiment.

The different sampling times from 20 to 500 ms have been used to measure mass
spectra for the estimation of the optimal value for the current configuration of OLYMPIA.
The maximal reasonable signal duration is about 250 ms due to the relatively high pressure
inside the ion trap chamber, approximately 10~8 mbar. Longer acquisition reduces the total
amplitude of the effective signal and, thus, the signal-to-noise ratio and dynamic range.

The partial mass spectra of the CO/N;/CyHy mixture, are presented in Figure 3. The
mass accuracy of the measured peaks varies from 5 to 20 ppm compared to NIST atomic
weights and isotopic composition data. A zoom of the region around m/z 28 is shown
in Figure 4. Three different peaks corresponding to CO*, N,*, and C,Hy* have been
successfully resolved. A mass resolution of about 40,000 at 1:/z 28 has been achieved with



Aerospace 2023, 10, 522

a sampling time of less than 250 ms (Figure 4). In Figure 4, a combination of increasing
resolution and variation in abundance accuracy is observed for a longer acquisition time.

1.0F .
——20ms I\ C,H;
2 4.0 A2
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@
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@
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27.98 28.00 28.02 28.04

m/z

Figure 4. Mass spectra of the N, /CO/CyHs mixture measured with different FFT duration
times of the same time domain measurement (m/Am ~ 6000 at 20 ms, m/Am ~ 16,000 at 50 ms,
m/Am ~ 47,000 at 250 ms). The ionization cross-section of neutrals and the ionization energy are
given for the three species. Direction of the charge transfer reaction is indicated using the arrows.

The relative abundance of ions, which can be determined from the measured spectrum
as peak amplitudes, does not only depend on the initial partial concentration of gases in
the mixture. The ionization cross-section (1) and further chemical processes inside the
ion source, such as charge transfer (2) and fragmentation (3), have a strong impact on the
quantitative composition of the ion bunch injected into the trap.

(1)  According to the binary encounter Bethe (BEB) model [29], the electron ionization
cross-section, and thus the ionization probability of the CoHy molecules (4.0 A2),is
almost twice that of the CO and N, molecules (2.3 A2) (NIST Standard Reference
Database 107 data).

(2) After the ionization at low vacuum conditions of the ion source (the pressure is
about 1 mbar inside the ionization chamber), charge transfer reactions occur. Cations
with lower ionization energies of precursor neutrals (CO—14.0 eV, C;Hy;—10.5 eV,
N,—15.58 eV) [30-32] are produced more effectively.

(3) IonsCyHy*, their fragments CH*, CoHy*, or C;H3™*, and secondary reaction products
CyH5" can be produced from C,Hy molecules (Figure 4). Fragmentation of neutrals
and reactions of C;Hy™ ions reduce the relative CoHy* amplitude.

The combination of these three factors results in a higher abundance of C;H;* and a
lower abundance of CO* and N,* ions at equal concentrations of neutrals (Figure 5). The
exact current of ions extracted from the source and its ratio is not constant and depend
on the parameters of the setup, such as the pressure in the source and the accelerating
potential of ionizing electrons. Therefore, calibration measurements at relevant conditions
are required for quantitative in situ characterization of the sampled gas mixtures.
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Figure 5. Measured fraction of N, ™ ions as a function of nitrogen gas ratio in the known mixture. The
fit function is calculated for the linear scale data using the least squares method.

3.2. CO/N, Gas Mixture

CO and N gases of similar ionization cross-sections mixed in different ratios have been
used to examine the quantitative measurement capability of OLYMPIA. These molecules
have the same ionization cross-section and so does the probability of the production of
ions by electron—neutral interactions, according to the BEB model. Nevertheless, they have
different ionization energies, which affect further chemical reactions and the ratio of ions
extracted from the source.

Several mixtures with CO fractions ranging from 2% up to 98% in the N, gas have
been used (Figure 5). The relative intensity of CO* in N,* ions was measured with a mass
resolution sufficient to identify ions of the same molecular mass (m/Am ~ 5000). A trace
amount of carbon monoxide gas was found to be detectable in mixtures with a relative
abundance of less than 2%.

Measurement of the CO/N; mixture showed an estimation of species abundance over
two orders of magnitude of the CO concentration. At low N; concentrations, the measured
N,* to CO™ ion ratio is slightly higher (but within the range of the statistical error) than the
neutral gas ratio in the prepared mixture. The higher number of detected CO* ions can also
be explained by the higher resulting efficiency of ion production due to the charge transfer
processes, compared to Figure 4. The measurable amounts of C*, O, and N* fragment
ions were not observed.

3.3. Krypton Gas

The sensitivity of the instrument has been verified using a polyisotopic monoatomic
gas to improve the amplitude measurement accuracy. The use of one monoatomic gas
eliminates the effects of further chemical reactions of formed ions and fragmentation of
neutrals. Meanwhile, the isotopic composition of krypton allows to estimate the accuracy
of the quantitative characterization of the sample over a broad range of ratios. Krypton
gas with 99.998% purity and natural isotopic abundance was selected as a calibrant as
it has a well-documented isotopic ratio. It has also been detected in the coma of the
67P /Churyumov—Gerasimenko comet [14], so the study of the possibility of accurate
measurement of its isotopic composition is of planetary science interest. A krypton gas



Aerospace 2023, 10, 522

container could also be proposed to be used as an onboard calibrant for future space
missions that would use an Orbitrap-based spectrometer.

Spectra were measured with a 40 ms acquisition time (Figure 6). All six main isotopes
of Krypton, even 78Kr*, which is only 0.355% abundant, were successfully detected. The
statistical error of the 82Kr, 83Kr, 84Kr, and 3¢Kr peak amplitude measurements was 9-11%.
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Figure 6. Mass spectra of the krypton gas calibrated and normalized to 8*Kr* ion compared to the
NIST isotopic composition database (red marks). Experimental m1/z values are indicated near labels
of isotopes by green numbers (better than 20 ppm mass accuracy).

A higher-than-expected amplitude has been observed in the OLYMPIA data for the
least abundant ions of the krypton gas 78Kr* and 8'Kr* (Figure 5) and for the CO/N;
mixture (Figure 6). The measured difference from the normal isotopic distribution for less
abundant ions is statistically significant. It indicates an accuracy limit for the measurement
of trace amounts of components in the studied samples for the current configuration of the
mass analyzer.

4. Outlook for Limited-Resources Space Missions

OLYMPIA is one of the laboratory concepts for future compact Orbitrap-based HRMS
instruments for space missions. It specifically targets low-resource missions, including
CubeSat-class ones, e.g., the currently developed Space Laboratory for Advanced Variable
Instruments and Applications (SLAVIA) space mission dimensioned to 12U size and less
than 20 kg mass format. The constraints imposed by the space environment (miniaturiza-
tion, pressure, low power consumption, limited data transfer, especially for outer solar
system bodies) have been considered during the development of this prototype.

For the OLYMPIA setup, the choice was made to not include a C-trap module present
in commercial Orbitrap in order to reduce the overall complexity of the space instrument.
The feasibility of this configuration had already been proven for pulsed ion sources using
the LAb-CosmOrbitrap [22]. In this work, it has been demonstrated that the proposed
configuration is compatible with a continuous EI source while ensuring the sufficient
performance expected for HRMS.

A mass resolution of 50,000 is desirable to obtain a new level of scientific output and
state-of-the-art knowledge for the extraterrestrial medium composition. Selection of the
optimal sampling duration for specific tasks of the mission, and target mass resolution, is
an important phase of the instrument design. Effective sampling duration is defined by
(a) the time stability of power supply designed for space applications (e.g., compact HV
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source for CubeSats), (b) the pressure in the vicinity of the spacecraft (e.g., in low Earth
orbit), and (c) the computing resources required to apply the FFT on board.

Finally, for most space missions, and in particular for low-resource CubeSats, data
transfer is highly limited by the transmission capability of the spacecraft. In order to meet
the challenges resulting from the proposed space mission application, a trade-off on the
optimal signal duration is required to ensure sufficient mass resolution, ion abundance
accuracy, and data handling. While the short signal duration decreases the mass resolution,
it improves the signal-to-noise ratio and limits computations and data transfer requirements
(Figure 4).

5. Conclusions

A new Orbitrap-based HRMS laboratory instrument has been built and characterized.
The first operation of the Orbitrap-cell mass analyzer without a C-trap module with the
continuous EI ion source has been demonstrated. Its performance has been evaluated by
the analysis of gas mixtures composed of chemical species of the same nominal molecular
mass (CO, N, and C,H,). The achieved mass resolution for 1¥N,* is more than 40,000 for a
250 ms FFT duration. The experimental resolution value, limited by the pressure inside the
Orbitrap cell, is close to the value of about 50,000 (for at least 2-3 points per peak) defined
by the FFT theory for this acquisition time and allows to resolve all three chemical species
without any additional analytical techniques. With a mixture of CO and N at different
mixing ratios and a pure krypton gas sample, the ability of OLYMPIA to measure ion
abundances over two orders of magnitude has been assessed with an accuracy of 5-50%
from the most abundant to the least abundant fractions. Despite a higher-than-expected
measured intensity for less abundant ions (oversensitivity), the error range is less than 10%
for the most abundant ions. The dynamic range of the instrument allows the detection
of chemical species with a volume ratio of less than 1%. Indeed, the krypton isotope
(®Kr) with an abundance of less than 0.4% is clearly detectable in the spectrum with a
signal-to-noise ratio of better than 250 for the major isotope.

The performed experiment demonstrates the technical feasibility of space applica-
tions of the OLYMPIA setup using a configuration of Orbitrap-based mass spectrometers
without a C-trap module (see Outlook for limited-resource space missions). It can be used
with continuous or pulsed ion sources, even for applications with high mass resolution
requirements. This instrument configuration will reduce mechanical, high-voltage con-
trol, and timing module complexity while providing reasonable performances and a mass
resolution exceeding that of previous space missions by at least one order of magnitude.
The experiment also facilitates the analysis of ions abundant in atmospheres; however, the
sensitivity and signal-to-noise ratio of the system should be improved.

With the current mass analyzer configuration, OLYMPIA proves to be an efficient tool,
with certain trade-offs related to simplified system design, to study complex gas mixtures
relevant to the atmospheres of the Solar System bodies (e.g., Titan), including the Earth,
and can be used as a research and development workbench for future space missions.
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Abstract: In April 2023, the SUPERBIT telescope was lifted to the Earth’s stratosphere by a helium-
filled super-pressure balloon to acquire astronomical imaging from above (99.5% of) the Earth’s
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atmosphere. It was launched from New Zealand and then, for 40 days, circumnavigated the globe
five times at a latitude 40 to 50 degrees south. Attached to the telescope were four “DRS” (Data
Recovery System) capsules containing 5 TB solid state data storage, plus a GNSS receiver, Iridium
transmitter, and parachute. Data from the telescope were copied to these, and two were dropped
over Argentina. They drifted 61 km horizontally while they descended 32 km, but we predicted their
descent vectors within 2.4 km: in this location, the discrepancy appears irreducible below ~2km
because of high speed, gusty winds and local topography. The capsules then reported their own
locations within a few metres. We recovered the capsules and successfully retrieved all of SUPERBIT’s
data despite the telescope itself being later destroyed on landing.

Keywords: balloon instrumentation; data handling; data compression; models and simulations; large
detector-systems performance

1. Introduction

The Super-pressure Balloon-borne Imaging Telescope [1] (SUPERBIT) was raised to
~33 km altitude by NASA’s 18.8 million cubic foot super-pressure balloon 728NT (https:
/ /www.csbf.nasa.gov/map/balloon10/flight728NT.htm). It was launched on 16 April 2023
from Wanaka, New Zealand, was carried east by seasonal polar vortex winds [2], circum-
navigated the Earth ~5.5 times, then landed in Argentina on 25 May 2023. During this
flight, the telescope acquired deep optical and near-UV imaging of galaxy clusters and other
astronomical objects [3]. Early in the mission, data were transmitted to ground stations
via Starlink and TDRSS satellite communication links. However, the Starlink connection
was lost on 1 May 2023, and TDRSS became unstable on 24 May 2023. The root cause for
each failure remains under investigation. All of the data was stored on board, as well as
on redundant sets of solid-state drives within drop packages. Several copies of the full
dataset were released via parachute prior to the termination of the flight and were safely
recovered. The SUPERBIT payload was entirely destroyed upon landing, and although,
in this case, the data were eventually recovered from the remains of the onboard drives,
the use of parachutes to ensure the safe recovery of the data proved invaluable.

Four Data Recovery System (DRS) capsules were attached to the telescope before
launch. As well as a parachute, each included 5TB solid state data storage, a Global
Navigation Satellite System (GNSS) receiver so it could work out its location, and an
Iridium Short-Burst Data (SBD) transceiver, so it could report its location to the recovery
team [4] (and receive commands to, e.g., turn on or off a beeper). Two DRSs were released,
and both were successfully recovered with data intact.

In this article, we describe upgrades (since the first test of a DRS during a SUPERBIT
engineering flight in 2019) to their release mechanism, communications with the telescope,
and thermal control. We describe the performance of that hardware during operations
and the performance of software that we use to predict their decent trajectory. Accurate
predictions of the descent vector are essential in choosing a safe landing zone. Neither the
trajectory of the main telescope payload nor the parachute is actively controlled, but the
timing of the release can be chosen so that the DRS lands in an area that is unpopulated for
safety but near a road to facilitate recovery.

Our hardware design (https://github.com/PaulZC/Data_Recovery_System) and
software (https:/ /github.com/EllenSirks/pyBalloon) are both open-source. Their success
inspired NASA’s ‘FLOATing DRAGON’ Balloon Challenge (https:/ /floatingdragon.nianet.
org/). Following this programme, a similar capability to download data or small physical
samples will be made available by NASA to all future super-pressure balloon teams to insure
against the loss of communications, loss of payload, or destruction of payload upon landing.
Our experience suggests that teams should take the offer.
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2. Upgraded Hardware Design

Each DRS capsule comprised a Raspberry Pi 3B attached to a custom 300 mm x 125mm
printed circuit board (PCB; see Figure 1). The capsules were powered by switchable 24V
DC from the main payload while they were attached, then by two internal 9V lithium
batteries after release. These batteries were the only components of the DRS that could be
considered potentially hazardous. However, they were compliant with safety test criteria
T1-T8 defined in Section 38.3 of [5]. The DRS used a geared pincer mechanism to hold
on to a loop of nylon cable tie underneath the main payload. After coordination with
local air traffic control, we issued a sequence of three commands (to prevent errors and
fault propagation) that used a servo inside the DRS to open the pincer, allowing the DRS to
drop away.

Each DRS was enclosed in a 3D-printed CPE hard plastic case and a closed-cell foam
shell (see Figure 2). One case was printed in PLA, which also works fine but is harder
to handle because it is brittle. The foam shell could absorb impacts and add a degree of
waterproofing, which proved useful when one DRS landed in snow. It was manufactured
by pouring liquid PU expanding foam mix into a pill-shaped mould a few millimetres less
than 6” in diameter, lined with a chicken roasting bag to create a waterproof outer surface
on which contact details can be written [6]. The total mass including the parachute was
1.28kg.

Tether

Figure 1. The DRS is based around this custom PCB with a Raspberry Pi in the middle. An Ethernet
cable is plugged into the bottom right of the Pi and attaches to a zero-extraction force connector at
the top right corner of the PCB. Two SD card readers are plugged directly into the Pi, and two are
attached to USB extension cables to reduce heat production at the sockets. Servo-operated pincer
mechanisms can be seen on the right, with the pincer on the front holding on to the main gondola
and the release at the back holding the parachute.

Alignment crown

b b

>

Gondola mount  Cable clomp  Parachute spacer

Foam shell

Figure 2. The DRS capsules hang underneath the payload (here, down is shown to the left). They are
prevented from swinging or rotating by a 3D-printed ‘alignment crown’ fixed to their top, which fits
inside a mount on the gondola that has an inverted shape.
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2.1. Alignment and Attachment to the Main Payload

To prevent the DRS from swinging while hanging under the payload during the 2019
test flight, it was sheathed inside a section of 6” plastic drainpipe. This worked flawlessly at
altitude when two DRS capsules were successfully released. However, during subsequent
testing in a thermal vacuum chamber, the foam sometimes expanded and became wedged
inside the pipe to drop only when surrounding air pressure increased. To mitigate the risk
of a DRS becoming wedged at altitude, we remove the pipe and attached a 3D-printed PETG
‘crown’ to the top of the DRS (see Figure 2). This fit into an inverted crown that was fixed to
the main gondola. The crowns were kept together, and the DRS was held secure by pulling
the cable tie taut.

A second pincer mechanism held a 4 foot parachute folded inside a spacer above the
DRS. This size parachute yields a terminal velocity ~4ms~!. This was fast enough to
reduce the downrange travel distance (hence, uncertainty in the predicted landing spot,
which allowed us to avoid populated areas) while keeping kinetic energy comfortably
below a 15] safety requirement to note cause serious injury or damage.

2.2. Hardwired Ethernet to the Main Payload

It was possible for the DRS to communicate with the main payload via the Raspberry
Pi’s built-in WiFi. This worked successfully throughout the 2019 test flight. However,
the launch of that flight was delayed because of radio interference. After much investigation,
it turned out that the interference had nothing to do with WiFi, but it took time to rule
out that possibility and to then look for the real source. To militate against future risk
of delays and to enable operation on payloads that require radio silence for scientific
measurements [7] (e.g., SPIDER;), we use hardwired Ethernet for the 2023 science flight.
Inside the DRS, this involved a standard Ethernet cable plugged into the Pi’s Ethernet
socket. Outside the DRS, two twisted cable pairs were routed to a switch on SUPERBIT,
which acted as a DNS server.

The six wires (four for Ethernet and two for power) joined at zero-extraction force
connectors (Smiths Interconnect Hypertac® connectors, part numbers DO2PB906FSTAH
and D02PB906MSTH) that would separate easily when the DRS was released. Two-pin
versions of these connectors worked well during the test flight, but we found that versions
with more pins did not sit well and occasionally became disconnected during testing. We,
therefore, used grub screws to fix half of the solid connector inside the crown and half in
the gondola mount so they would be held together until release.

2.3. Thermal Management

During the 2019 engineering flight, each DRS worked for only ~15min at a time
before overheating and shutting down until it naturally cooled. Subsequent testing in a
room temperature lab showed two main hot spots (see Figure 3). Assuming a thermal
emissivity coefficient e = 0.95, the main CPU would reach 42.5 °C while executing a simple
Python script (the Raspberry Pi itself was reporting a CPU temperature of 49.4 °C), and the
UsB sockets would reach 48.9 °C when a 5 GB file was written to an SD card in a small SD
card reader. Achieving robust operation during the 2023 science flight required mitigations
for both.

To cool the main CPU, we milled a 53 g aluminium heat sink/radiator that sits between
the Raspberry Pi and the PCB. It was held against the CPU by a spring glued to the PCB,
and contact was ensured with thermal paste. The aluminium block extended through a
56mm x 14 mm hole in the plastic case, ending flush with that, and was covered with
Mylar tape to increase its infrared emissivity. The heat was radiated to space through a
hole in the foam shell that was cut by hand (using an indentation in the mould to align it).
The ambient temperature in the stratosphere is —40 °C [8]. For what it is worth, we also
stuck a thin, off-the-shelf copper radiator to the RAM chip on the back.
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Figure 3. Thermal imaging of the top and bottom of a Raspberry Pi, during testing in a room
temperature laboratory. Thermal emission is interpreted as temperature (red, white, green numbers),
assuming emissivity e = 0.95. (a) The main CPU is the hottest component while executing a simple
Python script. Nothing is attached to the USB sockets in this image. (b) The underside of a Pi attached
to a DRS, oriented as in Figure 1. The heat sink and SD card containing the operating system are
now cold at the top, but the USB sockets become hot during file transfer to SD cards in small readers
mounted in the USB sockets.

To reduce heat production at the USB sockets, we used two 6” USB extension cables to
relocate two SD card readers (they ended up sitting roughly behind the microcontroller).

We also operated each DRS on a 5 min on—-20 min off rota: powering up each in turn,
copying data, then powering down. During a typical cycle during the night (day), the cCPU
temperature would increase by 3.0 £ 0.3 °C (3.7 = 1.0 °C) in 5 min (see Figure 4). On one
occasion during night 13, DRS1 was powered for two cycles, and its temperature rose
14.7 °C (from —11.6 °C to 3.1 °C) in 30 min. It continued operating throughout this time
and cooled half-way back to the same temperature as the others in approximately 2h.
We do not know why DRS1 ran at —8.2 £ 8.6 °C (4.7 & 11.2 °C) during the night (day),
consistently a few degrees warmer than DRS2 at —11.4 +8.1°C (1.0 £ 10.7 °C) and DRS5 at
—-11.9+£74°C(-12£10.6°C).

Before launch, four DRS capsules were mounted underneath the rest of the payload
(see Figure 5). They were oriented with their radiators towards the front of the telescope
(which was never allowed to point towards the Sun) and enclosed by a loose skirt of Mylar,
the inside of which was aluminised except for a ~45° pleat near the radiator. On two sides,
an additional sunshield of foam wrapped in aluminised Mylar also protected the DRSs
from incidental knocks. DRS1 was at the back left, DRS2 at the back right, DRS3 at the front
right, and DRS5 at the front left (DRS4 was our flight spare). Power and Ethernet cables
were routed from each DRS up to SUPERBIT.
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Figure 4. Self-reported CPU temperature of the Raspberry Pi on each DRS during the SUPERBIT
mission for DRS1 (red), DRS2 (blue), and DRS5 (green). Temperature principally varied with the
45 diurnal cycles in 40 days (SUPERBIT crossed the international date line 5 times), the length and
extent of which varied with SUPERBIT’s speed and latitude. The histogram on the right splits times
by positive or negative solar elevation. Insets show temperature variations with increased temporal
resolution, including, for illustration, the one occasion when DRS1 was left powered on for 30 min.
Temperature measurements were only available when a DRS was powered on, and horizontal lines
merely show the last reported temperature.

Figure 5. (a) Close-up of a DRS in flight configuration. The closed-cell foam shell surrounding the
DRS can be seen poking out below a skirt of aluminised Mylar. It is further protected on two sides

by sheets of foam insulation also covered by aluminised Mylar. Cables are routed upwards on the
mounting frame. (b) SUPERBIT suspended on the launch crane. Four DRS capsules can be seen at the
bottom, each attached to a corner of the frame holding the solar panels. The blue and white object
hanging between them is a ballast hopper. Throughout its mission, the telescope keeps its back (on
the right in these photos) oriented towards the Sun.
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2.4. Data Storage

Each DRs was fitted with 5 x 1TB MicroSDXC cards: one in the internal slot that
includes the operating system and four in USB card readers. We set these up as independent
drives (rather than RAID to further reduce thermal load) and copy data to one of the SD
cards at a time, beginning with those mounted in a USB socket. An rsync script was
not sufficient because the SD cards were independent. Instead, whenever the Pi booted,
a custom script compared files on the payload with those on the DRS (matching name and
size because some files, such as instrument timestreams, continually grow) and copied new
data to an SD card with sufficient space. SUPERBIT’s rate of data acquisition was sufficiently
slow that we could have duplicated all the data to second SD cards on every DRS but, with
so many backups already, we chose not to.

We tested MicroSDXC cards from several manufacturers before the flight. Resilience
is more important than speed in this context, and we found considerable variation in cards’
abilities to withstand a harsh environment. SanDisk Ultra (A1 UHS-I Class 10 U1) and
SanDisk Extreme (A2 UHS-I Class 10 U3 V30) cards worked reliably throughout our tests
and the flight. Two different Integral (A2 UHS-I Class 10 U3 V30) cards showed intermittent
faults during testing: when used to house the operating system, the Pi would occasionally
require power cycling to boot. After a few early problems, this was not reproducible, so we
flew two DRsSs with SanDisk Ultra SD cards and two with Integral SD cards. All our Lexar
(LMSPLAY001T-BNNAG) cards failed during testing, so these were discarded.

2.5. One Failure on Launch

One DRS onboard SUPERBIT stopped responding immediately after launch. It is now
impossible to determine why, but we suspect that the zero-extraction force connection
became misaligned by the launch shock. It was one of the capsules using an Integral SD
card that may have also caused problems, but we power cycled it many times without
response. All three other DRS capsules worked reliably for the entire flight or until they
were released.

3. Descent and Recovery

We initially intended to release one DRS capsule around mission day 40, 60, 80, and 100,
whenever SUPERBIT passed over land, to mitigate the risk of the payload and all its onboard
data being lost at sea. SUPERBIT did indeed pass over Chile and Argentina on mission day
40 (25 May 2023). However, in the early hours of the morning, it became apparent that the
main payload would need to descend later that day because of reduced communications
bandwidth and a weather forecast indicating a southerly trajectory away from further land
crossings. After finishing the night’s observations and coordinating with local air traffic
control, we released (not one but) two DRS capsules over Santa Cruz Province, Argentina.
This strategy ensured that independent, redundant sets of data would be available both on
board and separated from the main payload.

3.1. Release Time and Location

We attempted to release two DRS capsules nearly simultaneously so they would land
close to each other to simplify recovery. Low-latency communications with the payload had
been lost, so we were forced to send release commands via Iridium SBD. We transmitted
the two commands on independent channels. However, commands are queued and arrive
after an unpredictable delay.

Contemporaneous logs recorded on SUPERBIT show that the release commands were
received at 12:30:58 and 12:31:25 UT. Taking into account an intentional 30 s delay for the
Pi to shut down gracefully, we infer that DRS2 and DRS1 were released at 12:31:28 and
12:31:55 UT, respectively.

The super-pressure balloon (SPB) host logged GNSS locations approximately once per
minute. We interpolated between these to infer the location of SUPERBIT at the moments

18



Aerospace 2023, 10, 960

when DRS capsules were released (see Table 1). During the 27 s between release events,
SUPERBIT travelled 1.79 km on heading 101°.

Table 1. Contemporaneous logs from onboard SUPERBIT around the time when two DRS capsules
were released. Times are UT on 25 May 2023. SPB logs #1—4 recorded accurate GPS locations at known
times, which we interpolated to the moments of release for DRS2 and DRS1.

Event Time (UT) Latitude [deg] Longitude [deg] Altitude [m]
SPB log #1 12:29:33 —47.685 —70.518 32,585
SPB log #2 12:30:37 —47.692 —70.475 32,488
Release of DRS2 12:31:28 —47.696 —70.444 32,439
SPB log #3 12:31:40 —47.697 —70.437 32,428
Release of DRS1 12:31:55 —47.699 —70.421 32,323
SPB log #4 12:32:44 —47.707 —70.367 31,981

3.2. Predicted Descent Trajectories

We predict the DRS descent trajectories and landing sites with PyBalloon software [6]
that integrates a path followed by a test particle through winds described by Global
Forecast System (GFS) weather models. When we did this live, we predicted descent
vectors ~61.3 km on heading 107° and a flight time of ~32min. However, the fast ground
speed and high-latency communications meant that our uncertainty in the landing site was
dominated by the unpredictable timing of release (2 min uncertainty extended our error
ellipses by 8 km). We, therefore, aimed for a large region of open, uninhabited land west of
main road 12. These specific circumstances are unusual and unlikely to be repeated.

Knowing with hindsight the precise times of release, we predicted landing sites
for DRS1 at —47.8594°, —69.6307° (altitude 878 m), and DRS2 at —47.8557°, —69.6559°
(altitude 920 m), with 68% confidence limits of o = 2.1km in the main direction of
motion and ¢; = 1.9 km perpendicular to that. With even more hindsight, we were able to
interpolate between GFS model wind speeds issued before and after the DRS release. These
lengthened the model descent vectors by ~1.1km, to predicted landing sites for DRS1 at
—47.8655°, —69.6153 (altitude 863 m) and DRS2 at —47.8600°, —69.6444° (altitude 850 m),
with 68% confidence limits o) = 2.3km and ¢, = 1.9km (see Figure 6). Even in the
absence of any additional information, the open terrain would have made it possible (albeit
time-consuming) to search for bright orange parachutes in an area this size.

3.3. Reported Landing Sites

Unfortunately, neither DRS reported or recorded its location during descent as they
were supposed to (and as they did during the 2019 test flight). It is, therefore, impossible to
reconstruct their true trajectories. DRS1 spontaneously started reporting back at 14:13:46 UT,
after having reached the ground, and DRS2 started reporting back at 14:31:15 UT (inter-
mittently at first and intermittently again overnight). Both DRS capsules reported lines of
sight to many GNSsS satellites. However, their initial reports included measurements of
low battery voltages, and we later found that DRS2 was lying in a patch of snow. We infer
that, although the temperature of the Raspberry Pis was successfully managed in space for
40 days (see Section 2.3), the adjacent batteries, which were used only after release, got very
cold. We have previously used them in the stratosphere, but not for such extended periods.

Self-reported GNSS coordinates after landing placed DRs1 at —47.88167°, —69.59300°
(altitude 786 m) and DRS2 at —47.86368°, —69.67452° (altitude 806 m), after averaging
over several readings to provide ~2 m precision. These locations are 66.5 km and 58.3 km
horizontally from their release points, respectively, 3.8 km and 1.6 km from the pre-release
predicted locations or 2.4 km and 2.3 km from our best-estimate calculations that include
weather data available afterwards. The true trajectories appear to have deviated approxi-
mately 950 m sideways from the predictions, with one landing 2.2 km earlier than expected
and the other travelling 2.1 km farther, both within predicted precision.
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“DRSI Iandipg site "

Figure 6. Descent trajectories of DRS1 (yellow) and DRS2 (red) capsules, which were released over
southern Argentina on 25 May 2023. Pins mark the known release and landing positions; everything
else was modelled using the pyBalloon software [6]. (a) View from altitude, looking north. Predicted
descent trajectories, spanning 62km horizontally and 32km vertically. are shown, with vertical
lines every 155 for the first minute, then every 1 min. (b) Location of trajectory within Argentina.
(c) Zoomed-in map view, comparing the true landing sites to the predicted 1c, 20, and 3¢ uncertainty
ellipses. The background image was created with Google Earth, using data from SIO, NOAA, U.S.
Navy, NGA, GEBCO, and imagery from Landsat/Copernicus.

Our model for both the descent vector and its uncertainty thus appears accurate.
The absolute uncertainty on our predictions is larger than previous drops because the
high wind speed meant that capsules travelled farther downrange. Indeed, we had to
extrapolate uncertainties from most of the test drops used to calibrate our model [6]. But,
even in this regime, compared to our predicted landing sites, three of the four coordinate
offsets are inside the predicted 68% confidence interval, with one just outside. Compared
to our best-guess landing sites, all four offsets are just inside. Furthermore, the two near-
simultaneous trajectories neatly illustrate the irreducible component of uncertainty caused
by small-scale spatial and temporal variations in wind velocity (gusts), as well as local
topography, when the predicted trajectory at low altitude is only 21° below the horizontal.
The two capsules started only 1.8 km (and 27 s) apart but ended up separated by 6.4 km.

3.4. Successful Recovery

Both DRS capsules were found at their reported locations in rolling hills (see Figure 7)
by the search and rescue team for the governor’s office of Santa Cruz Province. The bright
orange parachutes were visible from a distance, and the beeping was audible. DRS1 was
found exactly at its reported location, a few hundred metres from a track and ~24 km from
main road 12. DRS2 was found a few metres from its reported location, with evidence of
cougar prints in the snow. We surmise that foam and parachute nylon are intriguing but
not tasty.

We recovered identical copies of all the data from both released DRS capsules and later
from the unreleased DRS and the main data store on SUPERBIT (which also had slightly
more telemetry data). However, SUPERBIT had been completely destroyed upon landing,
when its parachute failed to detach (perhaps because of similar thermal issues as the DRS
capsules; analysis is ongoing), and it was dragged for 3 km through similar terrain, leaving
a trail of debris. It is, therefore, remarkable luck that SUPERBIT’s solid-state hard drive was
later discovered intact. We did not need it because data had already been retrieved from the
released DRS capsules, but having the original copy enabled us to verify that no data on the
SD cards were corrupted.
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Figure 7. Landing sites of the DRS capsules in Argentina. (a) General terrain and the search and

rescue team from the governor’s office of Santa Cruz Province. The bright-orange parachutes of DRS1
(b) and DRS2 (c) were visible from a distance. The white foam shell and release crown were finally
also visible; the foam helped to insulate and waterproof DRS2 when it landed on snow.

4. Results

The DRS system comprised both hardware and software. Hardware worked reliably
throughout the mission in three of the four capsules. They were power cycled every 15 min
for 40 days and booted successfully every time. Data were gradually copied to every DRS
as they were acquired and later (after a mean delay of 20 days at altitude plus two days
exposed in Argentina) recovered with no bit errors in 219 GB of files. Curiously, one of the
5920 files accumulated 10 bit errors when being copied from the telescope’s camera data
store to the central data store, but none was further corrupted on either the central data
store or the DRS capsules.

The internal batteries in the DRS capsules became very cold at altitude and provided
insufficient voltage to power the Iridium transceiver until they warmed up after landing.
This meant the true descent trajectories were not recorded, which would have been interest-
ing to compare to our model trajectories. However, the batteries did warm up and worked
successfully, even from an exposed, high altitude location on Earth, while covered in snow.
The capsules reported their location and were found.

One of the four DRS capsules failed to respond after launch. Following the destruction
of the telescope to which it remained attached, it is impossible to determine the cause.
We speculate that a cable or connector might have been dislodged by the launch shock,
but we also note that the DRS in question used a brand of sD card that had displayed erratic
behaviour during testing. Either way, only 75% hardware reliability calls for additional
testing before future use to reduce or improve single points of failure.

The software we developed to predict the trajectory of a DRS descending through
the Earth’s atmosphere worked very well, with accurate predictions and estimates of
uncertainty. This was essential to drop the DRS to a safe but accessible landing site. It
would also work as backup information to find a DRS that failed to respond after release
(although the reliability of our hardware other than during launch meant that this was not
needed).

Analysis of the astronomical data collected by SUPERBIT and the DRS capsules will be
presented in forthcoming papers.
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5. Discussion

The first use of the DRS capsules during a live science mission was a huge success.
For a relatively small cost, we insured the scientific returns of SUPERBIT against a loss
event that came true: high bandwidth communication links failed, then the telescope was
destroyed upon landing. We recommend that future balloon missions consider using this
or similar systems. Our hardware design and software are open-source and freely available.
Further development is continuing at NASA, with plans to offer a facility-class DRS system.

Possible improvements to DRS hardware include (a better way to secure) a low-friction
connector so it does not become disconnected during launch. The jerk when a DRS falls
away is sufficient that the right amount of rigidity may be provided by a standard Ethernet
socket and plug with the retaining lug removed. Power over Ethernet can remove the need
for any separate power cables. A related aspect of this is that securing a DRS to the gondola
mount currently requires fiddly routing of cables and cable ties inside a cramped case and
pulling the ties taut (see Figure 2). More convenient assembly/disassembly will make it
easier to perform many more test drops in situ than we achieved.

Thermal management has greatly improved since our test flight in 2019 [6], with the
Raspberry Pi operating reliably on demand throughout the mission. The internal batteries
got cold, and a (throttled) thermal link from the Pi would have helped them stay ready to
work immediately after release. Although our batteries eventually warmed up and worked
fine after 40 days cold, we have not tested whether they would also recover as quickly after
100 days cold. It would also have been interesting if the DRS stored GNSS data (at high
frequency) during descent, even though it was too cold to power the Iridium transmitter,
so the trajectory could be compared to our prediction. This is not possible in the current
design concept, which intentionally has only a low-power microcontroller chip and no
flash memory available after release, to maximise battery life in case searching for the DRS
takes a long time.
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Abbreviations

The following abbreviations are used in this manuscript:

CPE Co-polyester, a branched version of PETG
DRS Data Recovery System
GFS Global Forecast System (weather model)
GNSS Global Navigation Satellite System, of which GPS is a subset
GPS Global positioning system
PCB Printed circuit board
PETG Glycol-modified polyethylene terephthalate hard plastic
PLA Polylactic acid hard plastic
SBD Short Burst Data (Iridium satellite message)
SPB Super-pressure (closed, helium-filled) balloon
SUPERBIT  Super-pressure Balloon-borne Imaging Telescope
TDRSS Tracking and Data Relay Satellite System
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Abstract: Communication between a nanosatellite located in Low Earth Orbit (LEO) and a ground
station is limited in regions far from the poles, occurring for only a few minutes on different days
and at different times. By utilizing satellite-to-satellite communication, it is possible to transmit
and receive information more efficiently, circumventing the restrictions inherent in satellite-ground
station links. The objective of this study is to present a comparative report on the results of data
transmission through inter-satellite and satellite-to-ground station communication, focusing on a
1U CubeSat nanosatellite (AztechSat-1). This paper discusses the use of the GlobalStar network and
a nanosatellite for inter-satellite communication. This paper also discusses the use of proprietary
and open-source ground stations for satellite-ground communication. We provide an overview of
the GlobalStar network and the associated ground stations involved in this research, along with the
results and their subsequent analysis.
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1. Introduction

Today, small satellites in Low Earth Orbit are typically deployed as constellations to
achieve global coverage. To ensure this coverage, hundreds or even thousands of satellites
may need to be deployed [1]. Within the classification of small satellites based on weight,
nanosatellites (1-10 kg) are one of the most popular categories. One commonly used stan-
dard in this category is the CubeSat, which is manufactured in a size of 10 x 10 x 10 cm3,
also known as 1U [2].

Some advantages of manufacturing small satellites are as follows: cost reduction,
short development times, launches at an affordable price, commercial applications, and
flexibility [3]. Many projects today use commercial off-the-shelf (COTS) components and
there are even companies that offer complete systems on the market [4].

Communication between satellites in Geostationary Orbit (GEO) and ground stations
usually require large antennas with high transmit power, additionally, they present a high
propagation delay due to the long propagation path [5].

Small satellites in LEO offer strategic advantages such as low propagation times, low
propagation loss, as well as network robustness. In addition, the power required for data
transmission and reception is lower [6].

The concept of satellite constellation is not new and emerged with pioneering compa-
nies such as Iridium and GlobalStar twenty years ago. They offered global communication
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link services that directly competed with cellular networks but had limited success due to
high costs [7].

Satellite communication can be classified into two different groups. The first is based
on a ground station network architecture, where information is transmitted from the
satellite to a ground station and then relayed through existing ground links. This approach
requires the deployment of numerous stations for global coverage [8]. The second type is
based on a space-based network architecture, which utilizes intersatellite links between
satellites and only requires a small number of gateways [9].

In this work, we present a hybrid approach where the GlobalStar constellation is based
on the first type of architecture, while the AztechSat-1 nanosatellite is based on both the first
and second types of architecture. In the first type, the nanosatellite allows communication
with ground stations for radio amateurs, while in the second type, the nanosatellite estab-
lishes intersatellite links with the GlobalStar constellation, which subsequently relays the
information to its gateways. The information transmitted remains the same in both cases.

There are some initiatives from Space Agencies to promote the use of space using
CubeSat-based missions [10]. For example, the ESA Education Programme is composed of
many hands-on projects, the Fly Your Satellite! (FYS) program is intended to give university
students the opportunity to design, and launch and operate their own CubeSat [11]. On
the other hand, NASA’s CubeSat Launch Initiative provides universities with the opportu-
nity to launch small satellites into space, enabling students to gain hands-on experience
in developing space hardware [12]. It is noteworthy to mention that the AztechSat-1
nanosatellite was part of NASA’s ELaNa 25B and 28 mission alongside other experiments
such as CryoCube-1, SORTIE, CIRiS, and EdgeCube [13].

1.1. Description of the AztechSat-1 Nanosatellite

The project name, AztechSat-1, pays homage to the Aztec culture and represents the
technological challenge it embodies. The AztechSat-1 is a nanosatellite belonging to the
1U CubeSat type category. It was developed by a multidisciplinary group of students
from the Universidad Popular Auténoma del Estado de Puebla (UPAEP) in the state of
Puebla, Mexico, in collaboration with the Mexican Space Agency (AEM) and the National
Aeronautics and Space Administration (NASA). The satellite was launched on 5 December
2019, aboard a Falcon 9 launcher from Cape Canaveral and deployed from the International
Space Station (IEE) using the NanoRacks CubeSat Deployer (NRCSD) on 19 February 2020,
as shown in Figure 1. It remained operational until its re-entry on 10 December 2021.

KT

2

Figure 1. AztechSat-1 deployed from the ISS on 19 February 2020 [14].
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The primary objective of AztechSat-1, an academic nanosatellite, was to demonstrate
communication between a nanosatellite and the GlobalStar constellation at a frequency
within the L band (1611.25-1618.725 MHz), aiming to improve data transmission to Earth.
Additionally, it aimed to promote amateur radio activities using ultra-high frequency (UHF)
frequencies of 435 MHz for upload and 437 MHz for download. Figure 2 shows the mission
operation diagram.

GlobalStar Constellation

=
L Band
1611.25-1618.725 MHz
. / CBand
o 6875-7055 MHz
o, AztechSat-1
3o MRz CBand GIobaIStar Gateway
437 MHz 5091-5250 IVIHz

T Internet
- .

Mission control center

Figure 2. AztechSat-1 mission operation diagram.

The AztechSat-1 nanosatellite is composed of an aluminum structure, an electrical
power system (EPS), an on-board computer (OBC), an attitude determination and control
system (ADCS), and a radio system for communication (COM) with the ground station
in the amateur UHF frequency band. It also includes a communication module for inter-
satellite transmission in the L band. The system is equipped with a module that integrates
the computer and the radio, as well as an interconnection panel for multipurpose boards.
Additionally, it features an omnidirectional antenna system for communication with the
ground station and is equipped with a set of 5 solar panels to provide power.

While the system incorporates commercial off-the-shelf (COTS) modules, the payload
was specifically designed and manufactured to fulfill the mission objectives. Following its
deployment, the nanosatellite powered on and initiated a countdown before transmitting its
first packet of data, approximately 40 min later. Subsequently, the antennas were deployed,
and the nanosatellite commenced its position control. Initially, the spacecraft was launched
at an altitude of approximately 400 km with an inclination angle of 51.6°. The AztechSat-1
orbit simulation is described in Figure 3.

1.2. Intersatellite Communication Description

To achieve the primary mission objective, the AztechSat-1 nanosatellite utilized Glob-
alStar’s Satellite Transmitter Integrated Global Positioning System Receiver (STINGR).
This system incorporates a radio transmitter, a GPS receiver, and a patch antenna within
a single integrated unit. Operating in simplex transmission mode, the STINGR system
can communicate with the GlobalStar constellation. It automatically sends the data to the
company’s gateways for transmission to the Internet.
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For the main parameters of the STINGR communication module, please refer to Table 1.
Any microcontroller with serial communication capabilities can use the modem.

—==- Orbit
® UPAEP

Figure 3. AztechSat-1 orbit simulation.

Table 1. Main parameters of the STINGR communication module [15].

Specifications STX3 STINGR
Size 28.70 x 20.57 x 4.13 mm 45.05 x 47.37 x 6.3 mm
TX output power 19 dBW 17.5 dBW
TX mode current 390 mA 325 mA
Sleep mode current 7uA 8uA
Power Supply 3to5V 3to55V
Operating temperature range —40°Cto +85°C —40°Cto +85°C
Frequency range 1610 to 1620 MHz 1610 to 1620 MHz
Patch antenna included No Yes
GPS module included No Yes
Price (USD) $60 $75
Patch antenna price (USD) $35 $0

1.3. Description of the GlobalStar Satellite Network

The GlobalStar satellite communication system operates in Low Earth Orbit and
consists of a constellation of 48 satellites positioned at an approximate altitude of 1414 km.
These satellites are distributed among eight planes, each accommodating six satellites,
and follow circular orbits with an inclination of approximately 52 degrees. It is worth
noting that the GlobalStar constellation is currently undergoing reorganization due to
bankruptcy [16].

The original model of the GlobalStar constellation aimed to provide cost-effective
and less complex communication solutions by utilizing a hub of ground stations without
inter-satellite links (ISLs). The telemetry and command units were planned to be integrated
into six host gateways, selected from a total of 200 stations distributed worldwide with
redundancy. With an estimated coverage of 50% of the ground stations, each satellite would
establish an average of one contact per orbit, which occurs within a period of approximately
10 to 12 min [17].
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1.4. Description of the Global Network of SatNOGS Ground Stations

As part of the AztechSat-1 project, a ground station was established to fulfill the
secondary objective of promoting activities among radio amateurs. In addition, this study
encompasses an analysis of a full stack of open technologies based on open standards. The
research uses data that was provided by the Satellite Networked Open Ground Station
(SatNOGS) project, which provides access to open-source data contributed by radio amateurs.

Traditionally, when an individual or organization builds a ground station, especially
for non-commercial purposes, the system remains inactive for extended periods of time.
To maximize the utilization of these resources, projects have been developed to enable
their use by multiple users. The SatNOGS project facilitates the connection to a network of
open-source ground stations, designed with modularity in mind. This network allows users
to access satellite information uploaded by different individuals through a user-friendly
web interface. Real-time information from numerous registered ground stations can be
obtained through this network. To be compatible with the network, a ground station must
have client software installed on an embedded computer. Additionally, a software-defined
radio (SDR) should be connected to the computer and properly configured to work with
SatNOGS [18].

1.5. State of the Art

The current predominant approach for communication between CubeSats and com-
mercial intersatellite link networks in Low Earth Orbit is based on systems such as Iridium,
GlobalStar, and Orbcomm [19].

In a 2008 investigation analyzing Inmarsat, Thuraya, Iridium, and GlobalStar, it was
concluded that the GlobalStar network is best suited for nanosatellite payloads with an
inclination of 52 degrees at altitudes ranging from 300 to 600 km [20].

TechEdSat 4, launched in 2014, also utilized a communication module for Global-
Star. Although it operated nominally, information regarding its results is unavailable. On
August 2016, the secondary payload “exo-brake” was deployed resulting in early orbital
reentry [21]. The PicoPanther project has been studying the GlobalStar and Iridium net-
works since 2008, with its approach remaining controversial until the launch of PhoneSats,
particularly PhoneSat 1 Bell [22].

TechEdSat 8, deployed from the International Space Station on 31 January 2019, fea-
tured an integrated Near-Earth Network (NEN) S-band radio compatible with Iridium and
GlobalStar transmitters. However, it was unable to undergo testing after deployment due
to an onboard power system abnormality [23].

In the nanosatellite database (www.nanosats.eu (accessed on 11 September 2023)), there
are at least 40 registered CubeSat-type nanosatellites that utilize a GlobalStar-compatible
communication module as their primary or secondary downlink band. However, some
of these projects were either not released or were subsequently cancelled. Among notable
success stories are TSAT, GEARRSSAT, CubeRRT, MakerSatl, and AztechSat-1 [24].

The results of TSAT, a 2U CubeSat, demonstrated the effectiveness of the GlobalStar
commercial network without the need for a ground station. The satellite’s objective was
to validate and characterize the link capacity of the GlobalStar constellation and conduct
measurements in an Extremely Low Earth Orbit (ELEO). The team recorded successful
simplex link transmissions within the field of view of the patch antenna. TSAT data was
received by one or more GlobalStar satellites and transmitted to a gateway. The team
received a total of 21,154 packets and noted that the system was capable of transmitting
thousands of packets per day on a CubeSat. Although the quantitative capacity was not
explored. At the beginning of the mission, TSAT transmitted its maximum number of
messages, recording 26 dual-packet messages in 18 min. After ten days, this number was
reduced to 7 messages per hour. The system implemented an STX-2 module and was
deployed into a circular orbit at 325 km with an inclination of 51.6 degrees [25].
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2. Materials and Methods
2.1. Description of the Received Data (SatNOGS and GlobalStar)

For the intersatellite transmission system, a 32-bit Cortex M3 ARM microcontroller
was utilized to control the STINGR simplex transmission device, which was equipped with
an STX3 modem. This configuration allowed the transmission of packets to a network of
LEO satellites using the GlobalStar network. The received data is then forwarded to a web
interface where the user interprets the data for further processing.

The device sends a signal to one or more nearby satellites without knowing exactly
which satellite will receive the signal. Subsequently, the GlobalStar satellites download the
information to the nearest Gateway. Redundant messages are discarded. Each message
consists of 9-byte data packets, meaning that the system can transmit only 9 bytes in a
single message. Therefore, if the message is larger, multiple packets need to be sent. There
is a possibility of message loss when no satellite is within range. As the system operates in
simplex mode, a redundancy method is employed to increase the probability of successful
message reception.

The information received by the satellite and transmitted to the gateways was pre-
sented in a raw log report generated in Excel format. The received packets were placed
in different cells using a standardized JSON format. Depending on the configuration 2 or
more packets make up a message. A valid message has a length of 157 bytes starting with a
marker “<HK>" and ending with “</HK>".

2.2. Description of the Software Developed and Used for the Analysis of the Results

The information sent by the AztechSat-1 and received by the GlobalStar gateways
is transmitted in a custom format, needing the development of a computer program to
automatically count, categorize, and decode the received messages. AztechSat-1 transmits
various parameters such as temperatures of different solar panels, battery voltage, current,
and other relevant data. The system data dictionary, providing a comprehensive list of
these parameters, can be found in Table 2.

Figure 4 shows the nanosatellite received packets using the GlobalStar link throughout
the entire mission. The chart provides a summary of packets categorized by their size
in bytes. The transmission rate of messages is grouped into sets of 9-byte packets, with
each transmission containing 1 to 16 packets. This allows a maximum of 144 bytes to be
transmitted in a single uninterrupted burst. The geographic distribution of the AztechSat-1
packets is shown below in Figure 5 using GlobalStar communication.

AztechSat-1received packets classified by size (in bytes).

Q

=9 =18 36 m72 m144

Figure 4. Received packets categorized by size (in bytes).
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Table 2. Description of transmitted parameters categorized by subsystem.

Subsystem Description of Parameters Unit or Expected Value
Radio Power amplifier temperature tenth of °C
Last Received Signal Strength Indicator RSSI
Background RSSI RSSI
EPS Power converters voltage—Array [3] mV
Battery voltage mV
Current in—Array [3] mA
Boost converters current mA
Battery’s output current mA
Output current—Array [4] mA
Output channels status—Array [4] Oor1
12C watchdog time left 32-bit number (Seconds)
GND watchdog time left 32-bit number (Seconds)
Watchdog reboot number 32-bit number
Temperature sensor °C
OBC Temperature Sensor °C
Pulse Width Modulation (PWM) current Ma
Last OBC reboot cause 32-bit number
Magnetometer—X axis 32-bit float number
Magnetometer—Y axis 32-bit float number
Magnetometer—Z axis 32-bit float number
Gyro—X axis 32-bit float number
Gyro—Y axis 32-bit float number
Gyro—Z axis 32-bit float number
Payload Number of Channel 8-bit number
Number of Bursts 8-bit number
Minimum Burst Interval: Units of 5s. ?51 %tlotg()?)ocsl)l
Maximum Burst Interval: Units of 5 s. é)lz()}ch%gg ;
Status flags
] GPS subsystem active.
[ Device is in active mode.
L] GPS Subsystem does have a fix. 8-bit number
L] GPS Subsystem failure.
L] Simplex Transmitter failure.
L] Battery low.

Number of seconds since the device unit last attempted to send a
satellite transmission.
Number of seconds until the device unit attempts to send a satellite

16-bit number

16-bit number

transmission.
Packet size of last or current message. 8-bit number
Currently waiting on or sending burst number 8-bit number
Number of seconds until burst transmission number 2 16-bit number
Number of seconds until burst transmission number 3 16-bit number
Total messages transmitted in current mode. 16-bit number
Total Packet transmission count since hard power on. 16-bit number
STINGR Antenna temperature °C
Payload Board temperature °C
ADCS Coarse Sun Sensors Value—Array [+Y, +X, =X, =Y, —Z] 16-bit number
Solar panel’s temperature on +Y axis 32-bit float number
Solar panel’s temperature on +X axis 32-bit float number
Solar panel’s temperature on —X axis 32-bit float number
Solar panel’s temperature on —Y axis 32-bit float number
Solar panel’s temperature on —Z axis 32-bit float number
Bdot status —2to2
Bdot value from low pass filter slow 32-bit float number
Bdot value from low pass filter slow2 32-bit float number
Value of detumbled state Oorl
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Figure 5. Geographic distribution of received packets from the AztechSat-1 using GlobalStar, the red
dots represent regions where packets where received.

For the ground station-based system, the AztechSat-1 nanosatellite utilized a half-
duplex radio operating at a UHF frequency that was compatible with the ASM + Golay
protocol and offered Gaussian Frequency Shift Keying (GFSK) modulation options. The
communication with the onboard computer was facilitated through the I2C communication
protocol. The nanosatellite was equipped with a 50-ohm matched omnidirectional antenna,
providing a gain of 1.5 dBi at —1 dBi. The use of UHF made it possible to collect data from
the university’s ground station and the SatNOGS network.

Throughout the operational period of AztechSat-1, SatNOGS received a total of 500 bea-
con packets. These packets were subsequently processed to extract and interpret the in-
formation they contained. On 10 December 2021, the AztechSat-1 nanosatellite reentered
Earth’s atmosphere, which is evidenced by numerous reports of telemetry available on
Twitter and SatNOGS. In Figures 6 and 7 the altitudes and speeds of the last days in orbit
of the nanosatellite can be observed.

AZTECHSAT-1/1998-067RE Altitude (km)

350
300
_g 250
[}
©
2
£ 200
<
150
100
25.0ct 1. Nov 8. Nov 15. Nov 22. Nov 29. Nov 6. Dec
Time

Altitude (km)

Figure 6. Altitude of the AztechSat-1 during its last days in orbit [26].

31



Aerospace 2023, 10,973

AZTECHSAT-1/1998-067RE Velocity (km/h)

28,200
28,100
28,000

27,900

Velocity (km/h)

27,800

27,700
25.0ct 1. Nov 8. Nov 15. Nov 22. Nov 29. Nov 6. Dec

Time
- Velocity (km/h)
Figure 7. Velocity of the AztechSat-1 during its last days in orbit [26].

2.3. Strategies for the Use of Statistical Tools, Graphs, among Others for the Presentation of Results

To download data from SatNOGS, it is necessary to register as a user on the SatNOGS
DB page. Once registered, users can request the export of all received frames to a CSV file
using the API. This CSV file will contain each received frame along with its corresponding
reception time, with each frame listed on a separate line.

3. Results

As previously mentioned, the AztechSat-1 nanosatellite is an academic experiment
in the form of a 1U CubeSat. Although it was equipped with an integrated GPS system,
its high-power consumption requirements prevented its use during the mission. Conse-
quently, the tracking of the satellite was achieved using NORAD Two-Line Elements (TLEs)
shown in Table 3, which served as the primary element for satellite tracking throughout
the mission.

Table 3. NORAD Two-Line Element of the AztechSat-1.

Two Line Element (TLE)

145261U 98067RE 20274.58306181 +0.00017834 +00000-0 +28188-3 0 9998
245261 051.6407 182.8369 0007640 038.2637 321.8894 15.53524114034841

3.1. Analysis of Data Received from GlobalStar and SatNOGS

The temperature variations obtained in the month of July 2020 using only the system
based on intersatellite communication can be seen in Figures 8 and 9. The location of
the sensors is in each of the solar panels for external temperatures and on the onboard
computer, electrical power system, and radio boards for internal temperatures.

These figures depict the temperature variations observed during one month of satellite
operation. Throughout this period, the satellite experienced maximum and minimum
temperatures of 45 °C and —25 °C respectively in the external environment. The internal
temperatures ranged from 0 °C to 30 °C, with an abnormal data point of 85 °C on 18 July
2020 possibly indicating an error in reading the sensor or a component failure as shown in
Figure 9a.
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Figure 8. Temperature variations on the external panels of the nanosatellite: (a) Temperature varia-
tions on panels —X and —Y; (b) Temperature variations on panels X+ and Y+.
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Figure 9. Temperature variations on internal and external components: (a) Temperature variations
on internal boards of the satellite; (b) Temperature variations on solar panel Z.

Figure 10 illustrates the relationship between the battery voltage and the input and
output current of the EPS system. The behavior of the battery voltage can be observed in
comparison to the levels of input and output current. It is evident that the battery charging
process occurs when the input current surpasses the output current. Additionally, an
anomaly in the charge level is noticeable, potentially correlated with the anomaly depicted
in the internal temperature as shown in Figure 9a.
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Battery Voltage vs In/Out Currents [07/2020]
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Figure 10. Relationship between battery voltage and input and output Current.

3.2. Analysis of the Results Classified by Inter-Satellite Ground Station

Figure 11 indicates the temperature variations observed in 2021, using the ground
station communication system exclusively with data obtained from SatNOGS. The tem-
perature information collected through this system is similar to the obtained through
intersatellite link communication.

Figure 11a—c illustrates the exterior temperatures recorded in November 2021, and
received via radio frequency (RF) through the SatNOGS platform. Comparing it with the
information received via GlobalStar in July 2020, the exterior temperature demonstrates a
comparable pattern, with minimums and maximums remaining within the range of —30 °C
and 50 °C, respectively.

Figure 11d illustrates the interior temperature recorded in November 2021, this data
was received via radio frequency (RF) through the SatNOGS platform. Comparing it with
the information received via GlobalStar in July 2020, the internal temperatures demonstrate
a comparable pattern, with minimums and maximums that remain between —1 °C and
32 °C. The information on the internal temperatures was recorded using sensors located in
the OBC, EPS, and radio.

Figure 12 depicts the behavior of the battery voltage during the month of September
2021. After one and a half years of operation, it can be observed that the charging periods
have extended, while the system’s current consumption has reduced.

It is important to note that the information transmitted through GlobalStar and re-
ceived by SatNOGS is similar, highlighting the reliability of telemetry data obtained through
both communication methods. However, in the case of satellite-to-satellite communication
(via GlobalStar), it turned out to be better because more points of data were retrieved. In
the case of GlobalStar communication, different packet length configurations were utilized.
The GlobalStar modem has five options for the packet length starting at 9 bytes per packet.
The biggest packet length is 144 bytes per packet.
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Figure 11. Temperature variations on internal and external components in November 2021: (a) Tem-
perature variations on solar panels —X and —Y; (b) Temperature variations on solar panels X+ and
Y+; (c) Temperature variations on solar panels Z.; (d) Temperature variations on internal boards of
the nanosatellite.

3.3. Analysis of Data Received from GlobalStar and Ground Stations

The obtained information from GlobalStar and different ground stations was com-
pared to assure reliability. To do this comparison we took samples of data collected from
the ground stations where the data from GlobalStar were coincident on date and time.
Figure 13 depicts charts where the similarity between the data received by RF and Global-
Star is confirmed.

The telemetry data was collected by both ground stations and GlobalStar. The obtained
results show more information via ground stations than via GlobalStar satellites. The
GlobalStar data indicated a delay in comparison with the ground station data.
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Figure 12. Voltages and currents of the nanosatellite, captured in September 2021.
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Figure 13. Temperature variations on internal and external components on 11 September 2020 using
data from ground-to-satellite link and satellite-to-satellite link: (a) Temperature variations on solar
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panels —X, —Y and —Z using data received by GlobalStar; (b) Temperature variations on solar panels
—X, =Y and —Z using data received by ground stations; (c) Temperature variations on internal
boards of the satellite using data received by GlobalStar; (d) Temperature variations on internal
boards of the satellite using data received by ground stations.

For satellite-to-satellite communication, different packet length configurations were
set up. The GlobalStar modem has five options for the packet length starting at 9 bytes
with increments of 9 bytes. The biggest packet length is 144 bytes. The sent message
containing the housekeeping data of the nanosatellite has a length of 157 bytes and each
packet has 2 bytes with information for message reassembling. This means that for a 9 bytes
packet length configuration, 23 packets were needed to reassemble the message; and for a
144 bytes packet length configuration, only 2 packets were needed.

Table 4 presents the result obtained with each packet length configuration. It can be
observed that the configuration of 144 bytes per packet has the biggest success rate. Success
rate refers to the relationship between received messages and decoded messages. The
reason why messages could not be decoded was mainly because fragments were missing
and the message could not be reassembled.

Table 4. Results obtained with different configurations of message length.

. Received Received Messages Decoded Messages
Message Length ~ Received Packets Messages (Partial) (Complete) (Success) Success Rate

9 5246 145 0 0 0.00%

18 2857 143 5 4 3.50%

36 2166 142 32 16 22.54%

72 1409 140 59 55 42.14%

144 692 135 60 60 44.44%

Total: 12,370 705 156 135 22.13%

It is important to note that with the smallest packet length configuration (9 bytes per
packet), 5246 packets were received, out of which only 145 messages could be identified.
However, all these messages were missing fragments, making it impossible to decode
them. On the other hand, with the largest message length configuration (144 bytes per
packet), 692 packets were received, out of which 135 messages were identified, and only
60 arrived complete.

The smallest packet length configuration resulted in more valid received packets,
however, most of the fragments were lost. When the message was increased, the complexity
of reassembling the message at the receiver’s end was reduced. This is why, despite
receiving more valid packets, very few messages were successfully reconstructed, as many
fragments were missing. With the largest packet length configuration, we received fewer
valid packets but the probability of recovering the whole message was higher.

Table 4 shows the results obtained with each of these configurations. As shown, the
reception success rate improves as the message length increases. This suggests that less
fragmented transmitted messages are less susceptible to loss of data fragments.

4. Discussion

The use of services with global coverage like GlobalStar as a link to download data
from space seems to be a good alternative to other traditional forms of communication
such as ground-to-satellite communication. Beyond traditional radiofrequency links, these
services including GlobalStar, Starlink, and Iridium, offer unprecedented global reach, low-
latency connections, and reliability that are essential for a broad spectrum of space missions.
Their cost-effectiveness, scalability, and ease of deployment make them an attractive option
for data transfer in remote or challenging space environments.
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In this work, we study the idea of enhancing ground-to-satellite communication
with satellite-to-satellite links. Our results show a better performance of data cover-
ing more geographical areas using intersatellite communication than only using ground
station communication.

So far, successful mission and the current literature shows little information in a brief
period in similar orbits. The AztechSat-1 project has demonstrated two kinds of satellite
communication which have enhanced the received data. Data obtained from GlobalStar
has increased the amount of information in comparison to only ground-satellite communi-
cation.

In our future work, we will study the performance of a constellation of proprietary
nanosatellites with a commercial constellation in an environment that involves real-world
constraints. Our next step is a collaborative initiative between the Mexican Space Agency
and the National Aeronautics and Space Administration which is currently underway to
develop a constellation of at least four nanosatellites for animal telemetry applications.
This joint project has been named the AztechSat Constellation. Its primary objective is
to establish a marine fauna monitoring system. The project will involve professors and
students from various Mexican universities, who will contribute their expertise to the
design and integration of nanosatellites for deployment in Low Earth Orbit.

5. Conclusions

The results obtained throughout the operational lifespan of the AztechSat-1 nanosatel-
lite offer valuable insights. Firstly, they serve to validate temperature data obtained from
a nanosatellite in a Low Earth Orbit, providing a comprehensive understanding of tem-
perature patterns in such an orbital environment. Additionally, the energy consumption
pattern of a communication nanosatellite can be identified.

Moreover, the study highlights the effectiveness of the GlobalStar commercial network
in intersatellite links, demonstrating its capability without the need for a ground station. A
comparison is made between the quality of data obtained through the GlobalStar network
and that acquired using open-source ground stations with the support of radio amateurs,
employing the same satellite at different time periods.

The conclusions drawn from both forms of communication are presented. It is noted
that packet length demonstrated improved performance in intersatellite communication.
Furthermore, the analysis examines whether ground stations provided additional informa-
tion beyond that gathered by SatNOGS.
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Abstract: Measuring magnetic fields in the inner corona, the interface between the solar chromosphere
and outer corona, is of paramount importance if we aim to understand the energetic transformations
taking place there, and because it is at the origin of processes that lead to coronal heating, solar wind
acceleration, and of most of the phenomena relevant to space weather. However, these measurements
are more difficult than mere imaging because polarimetry requires differential photometry. The
coronal magnetograph mission (CMAG) has been designed to map the vector magnetic field, line-
of-sight velocities, and plane-of-the-sky velocities of the inner corona with unprecedented spatial
and temporal resolutions from space. This will be achieved through full vector spectropolarimetric
observations using a coronal magnetograph as the sole instrument on board a spacecraft, combined
with an external occulter installed on another spacecraft. The two spacecraft will maintain a formation
flight distance of 430 m for coronagraphic observations, which requires a 2.5 m occulter disk radius.
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The mission will be preferentially located at the Lagrangian L5 point, offering a significant advantage
for solar physics and space weather research. Existing ground-based instruments face limitations such
as atmospheric turbulence, solar scattered light, and long integration times when performing coronal
magnetic field measurements. CMAG overcomes these limitations by performing spectropolarimetric
measurements from space with an external occulter and high-image stability maintained over time. It
achieves the necessary sensitivity and offers a spatial resolution of 2.5” and a temporal resolution of
approximately one minute, in its nominal mode, covering the range from 1.02 solar radii to 2.5 radii.
CMAG relies on proven European technologies and can be adapted to enhance any other solar
mission, offering potential significant advancements in coronal physics and space weather modeling
and monitoring.

Keywords: corona; magnetic field; instrumentation; polarimeters; radiative transfer

1. Introduction
1.1. State-of-the-Art in Coronal Science

The solar corona, extending from the transition region into the heliosphere, exhibits
fascinating characteristics that challenge our current understanding. The temperature
of the corona rises rapidly in its lower layers, reaching temperatures of a few million
Kelvin, while the gas pressure decreases sharply through the transition region and then
decreases smoothly upward. Within the inner corona, complex magnetic fields give rise to
highly structured, bright features known as streamers and coronal loops. These structures,
influenced by the solar dynamo and activity cycle, remain enigmatic in terms of their
magnetic properties.

Coronal loops, in particular, are hotter and denser than the surrounding plasma, yet
the mechanisms responsible for their heating and filling remain elusive [1]. The overall
high temperature of the global corona itself also poses a significant mystery. Unraveling
the processes of coronal heating is considered a paramount challenge in solar physics.
The lack of knowledge about the magnetism of the inner corona further complicates our
understanding of these phenomena. This region of the corona hosts intricate magnetic field
reconnection processes, leading to the generation of flares and energetic particle events
across a broad range of scales.

Flares emit radiation across various wavelengths, from radio waves to hard X-rays and
even gamma rays. Many large flares are accompanied by coronal mass ejections (CMEs),
which are the primary sources of space weather effects on Earth, potentially triggering
severe geomagnetic storms [2]. CMEs also generate powerful shock waves as the plasma
expands during their formation and propagation through the corona. Additionally, a
multitude of magnetohydrodynamic (MHD) waves can be observed propagating upward
into the heliosphere within the inner corona [3,4]. It is evident that magnetic fields play a
crucial role in governing all aspects of the inner solar corona, driving the solar wind and
influencing space weather phenomena. However, the detailed properties of these magnetic
fields remain largely unexplored [5].

The CMAG mission offers an opportunity to address key questions related to the
coronal heating problem, flare and CME formation, and the generation and energy trans-
port of waves. By providing fundamental data on the vector magnetic field and velocity
measurements of the inner corona at unprecedented spatial and temporal resolutions,
CMAG would enable substantial advancements in coronal models beyond existing em-
pirical approximations. Moreover, it would contribute to more accurate space weather
predictions, ultimately enhancing our understanding of the Sun and its influence on the
heliosphere, the Earth’s environment, and our technological systems and society.
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1.2. Observing the Inner Solar Corona

Observing the inner solar corona presents a significant challenge primarily due to the
faintness of the emitted light from the coronal material compared to the overall brightness
of the Sun. Consequently, observing the solar corona requires blocking the light emitted
by the solar disk. This can be accomplished during a solar eclipse, which only lasts for a
few minutes, or through the use of specialized instruments called coronagraphs. However,
the solar coronal light becomes intermingled with background signals originating from
scattered light, mainly from the occulter but also from the instrument optics. Despite these
difficulties, extensive efforts have been made to carry out coronal observations using both
ground- and space-based assets.

Instruments for coronal observations include LASCO [6] and UVCS [7], both aboard
SoHO [8]; STEREO/SECCHI [9]; METIS [10] and SoloHI [11] on Solar Orbiter [12]; WISPR [13]
onboard the Parker Solar Probe [14]; ASPIICS [15] on Proba-3; the High-Altitude Obser-
vatory (HAO)/National Center for Atmospheric Research (NCAR) Coronal Multichannel
Polarimeter (CoMP) [16] and the upgraded version uCoMP [17]; and CRYO-NIRSP [18]
on DKIST [19]. However, while imaging the corona poses challenges, determining its
magnetic field is even more difficult due to the need for differential photometry to mea-
sure the four Stokes parameters of polarized light. The aforementioned ground-based
instruments, uCoMP and CRYO-NIRSP, have capabilities for magnetic field measurements
and provide valuable insights into coronal dynamics, which is known to be driven by the
conversion of magnetic energy into radiative energy (in the case of flares) and the kinetic
energy of material (in the case of coronal mass ejections or CMEs). Nevertheless, these
measurements are significantly hampered by atmospheric turbulence, solar scattered light,
and long integration times, resulting in a limited understanding of the intricate details of
these energy transformations. However, new diagnostics have emerged that can provide
insights into the magnetic fields of the inner corona. For instance, a newly developed
diagnostic technique that involves atomic radiation modeling of the contribution of a
magnetically induced transition to the Fe X 25.7262 nm spectral line intensity was presented
in [20-22] and used, later, to obtain the magnetic field in active region loops [23] using
Hinode’s [24] Extreme-ultraviolet Imaging Spectrometer EIS [25]. More recently, Yang
and collaborators [26] presented a method that utilizes spectroscopic measurements and
MHD assumptions to indirectly estimate the strength of the coronal magnetic field. These
techniques may be very useful in the future, in the context of other space missions such
as SPARK [27]. However, what is truly needed is direct observation of the polarization
signals associated with the magnetic field (see a review in [28]). In this respect, it is of
interest to note that in 2015, the Chromospheric Lyman-alpha Spectropolarimeter (CLASP)
mission obtained the first observations of the linear polarization due to scattering pro-
cesses in the hydrogen Lyman-alpha line of the solar-disk radiation, while in 2019 and
2021, the Chromospheric Layer Spectropolarimeter (CLASP2 and CLASP2.1) missions
obtained unprecedented observations of the linear and circular polarization signals caused
by scattering processes and the Hanle and Zeeman effects in the near-UV region of the
Mg II h and k lines. These suborbital space experiments opened a window for probing
the magnetism and geometry of the plasma in the upper chromosphere and transition
region of the Sun [28]. The magnetic field in the inner corona can also be determined using
measurements at radio wavelengths [29]. These measurements, in addition to providing
fundamental information to understand how the magnetic field is structured, can be of
great importance for obtaining simultaneous observations of the inner corona.

The CMAG mission aims to overcome the aforementioned limitations by observing
the inner corona from 1.02 Rg to 2.5 Re with a consistent spatial resolution of 2.5”, a
required spectral resolution of less than 40 pm, a cadence of one minute, and a polarimetric
sensitivity of 1072 in the polarization continuum in nominal operation. Achieving these
ambitious goals is only feasible through space-based observations and the utilization of an
externally occulted coronagraph. Figure 1 represents the squared field of view of CMAG
superimposed on a simulated K-corona [30] brightness image derived from a magnetohy-
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drodynamic model (Predictive Science Inc. https://www.predsci.com/portal/home.php,
accessed on 1 June 2023). The CMAG mission holds the potential to revolutionize our
understanding of the inner corona by providing direct and precise measurements of the
magnetic field and shed light on the processes underlying coronal dynamics, solar flares,
and CMEs.

Thomson scattered light from PSI model
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Figure 1. Simulated solar K-corona generated from a magnetohydrodynamic model. The field-of-
view (red square) corresponds to 2.5 R, matching that of CMAG.

1.3. Solar Corona Polarimetry

Nowadays, the inference of magnetic fields from spectropolarimetric measurements of
the forbidden coronal lines, Fe XIV 530 nm, Fe XI 789 nm, and Fe XIII 1074 nm, has become
possible with the interpretation of the Zeeman, scattering, and Hanle effects [31,32]. The
Zeeman effect polarizes light from spectral lines due to the presence of magnetic fields in a
moderate to strong regime. The Hanle effect, on the other hand, depolarizes light that is
already polarized by scattering (or other physical mechanisms) in the presence of weak
magnetic fields [33,34]. To measure polarization in coronal lines, high-precision differential
photometry is mandatory, and indeed, all four Stokes parameters of solar light must be
measured. Quiet coronal line intensities (Stokes I; imaging) are one order of magnitude
above the K-corona intensity at 1.10 R, [35]. Linear polarization signals (Stokes Q, U) are
weaker, about 1 to 10% of the line core intensity, and hence subject to larger contamination
by the already polarized solar corona (the so-called K-corona is linearly polarized by
scattering to a large degree). Stokes V is even feebler than linear polarization (a few percent
or per mille). Linear polarization is mainly proportional to the degree of anisotropy of the
incident light coming from the solar disk, which depends on the height above the Sun’s
visible surface at where we observe, while the Stokes V amplitude is mainly proportional
to the line-of-sight component of the field.

Recent numerical models predict Stokes V amplitudes slightly above 0.1% in coronal
loops for the Fe XIII 1074 nm line [32], in line with earlier predictions [36] that suggested
amplitudes of about 0.5 x 1073 for coronal loops and field strengths as low as 2 G. Therefore,
measuring circular polarization in the corona is extremely challenging. Simple magneto-
graphic calculations (see Figure 2) suggest signals barely above 0.1 % in the line emission
of the quiet corona if the field is stronger than 10 G and when observing at 1.1 Rp. If
one were to measure the magnetic field in locations further away from the solar limb, it
would be necessary to focus on specific solar structures with higher density or significantly
increase integration times. Hence, observations of magnetic fields in the inner corona are
very scarce. Those we currently have are severely limited in terms of spatial and tem-
poral resolution. For example, Lin and collaborators [37] obtained the first observations,
requiring a spatial sampling of 20" and a temporal integration of over an hour to detect
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circular polarization signals in the inner corona. Recent measurements suggest much
stronger fields, in the range of 50-200 G, for cold and hot coronal loops [23,38], hence
predicting larger Stokes V signals in these structures. Coronal electron densities change
from 10° cm ™2 at the bottom to 10° at 2 Re. Therefore, the sensitivity of measurements
decreases with distance. However, in loop structures, the density reaches 10 em 3, and
emissivity is larger by one order of magnitude, making the signal-to-noise ratio (5/N)
go up, hence increasing polarization sensitivity for equivalent exposure times. Electron
density reaches 102 cm ™2 in flaring loops [1]. When more photons are available, CMAG
will achieve the required polarization sensitivity in less time, with an FoV that covers from
1.02 to 2.5 Re, and a spatial resolution of 2.5” at 750 nm. Perhaps the most relevant aspect
of the mission is that, in addition to its capabilities, it will take observations from space
with unprecedented pointing stability, enabling the measurement of polarization signals in
fainter solar structures. Remarkably, no existing or planned mission is able to tackle these
challenging measurements, despite the efforts of the solar community over the last few
decades. Solar missions with specific instrumentation for performing spectropolarimetry
in the corona, such as the solar magnetism explorer (SolmeX) [39] or the Magnetic Imaging
of the Outer Solar Atmosphere (MImOSA) [40] missions, have already been proposed.
Certainly, the CRYO-NIRSP instrument [18] will likely provide excellent data on the inner
corona, although it is expected that the observations will be much more limited in terms of
time and have very restricted fields of view compared to CMAG, which aims to observe
the entire inner corona. Currently, there are ground-based spectropolarimetric observations
of the inner corona, such as those from uCoMP, at a spatial resolution of 6" and a field of
view covering from 1.03 to 2 solar radii. Linear polarization information has already been
retrieved although circular polarization still remains elusive so far. It is worth mentioning
that on 2 September 2023, the Indian Space Research Organisation launched the Aditya-L1
mission (https://www.isro.gov.in/ Aditya_L1-MissionDetails.html accessed on 15 Novem-
ber 2023). The mission features the Visible Emission Line Coronagraph (VELC), developed
by the Indian Institute of Astrophysics in Bangalore. The primary objective of VELC is to
measure the coronal magnetic field through spectropolarimetric observations of the Fe XIII
1074 nm line.

1.4. Scientific Goals of the CMAG Mission

The mission aims to answer the overarching question, “How does magnetic energy
transformation occur in the inner corona, driving coronal heating and all eruptive phenom-
ena relevant to space weather effects on Earth?” This global question breaks down into
specific questions described below.

1. Whatis the structure of the inner coronal magnetic field? Understanding the magnetic
field’s structuring in coronal loops and streamers and its evolution and relationship
with photospheric fields is crucial. CMAG’s high spatial resolution (2.5”) and cadence
(=1 min) will determine the strength and direction of the vector magnetic field from
close to the surface to the higher layers for providing an empirical basis that help
validate and refine current extrapolations and improve coronal magnetic models.

2. What is the coronal origin of the solar wind? The solar wind has distinct components:
slow and fast, related to coronal streamers, coronal hole boundaries, and the solar
network. CMAG will investigate the magnetic connection between coronal holes,
streamers, and the solar wind, aiding the understanding of how the solar wind
propagates through the heliosphere and its relationship with coronal waves.

3. How are flares and CMEs generated? Flares and CMEs are phenomena with different
effects on the heliosphere and the Earth’s environment. CMAG will reveal the inner
corona’s internal structure and evolution and follow the magnetic field vector during
the CME onset and the generation of associated waves. At a resolution of 2.5”, it
could also provide a glimpse of the evolution of the magnetic field structure at the
reconnection sites.
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4. What is the origin of solar coronal heating? Measurements of magnetic field strength
will provide a quantitative basis for assessing the origin of non-thermal heat observed

in the Sun’s inner coronal layers.

5. What is the role of the inner corona in space weather? CMAG’s measurements of
inner coronal magnetic fields at L5, provided in almost real time, will greatly enhance
space weather nowcasting and forecasting capabilities, crucial for predicting radiation
and energetic particle impacts on Earth as a consequence of flares and CMEs.
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Figure 2. Detectability diagram. Calculations assume the weak field approximation on lines with a

Doppler width of 20 km/s [31]. Emission intensities at different regions are represented with shaded

areas. Diagram regions below blue lines indicate magnetic field strength detectability for Fe XIII

1074 nm and no atomic alignment. Diagram regions below green lines indicate the reached S/N in

Stokes V for the given exposure times with a 10 cm aperture telescope (Table 1) at 1 au from the Sun

and a total transmission of 0.4, sensor quantum efficiency of 50%, and a polarimetric efficiency of 0.5.

Table 1. CMAG spacecraft main instrument baseline requirements.

Spatial resolution

Aperture

Cadence

Field of view (FoV)

Targets spectral lines

Spectral resolution

Maximum spectral shift over the FoV
Detector dimensions

Etalon max. incidence angle 1

Etalon diameter

Polarization modulator interm. image diameter
dimensions

stray light requirements

2.5 at 750 nm

10 cm

~1 min for S/N = 1000 in Stokes Q, U, and V
~2400" (~0.66° = 2.5 R)

Fe XIV 530 nm; Fe XI 789 nm; Fe XIII 1074 nm
20 pm; 30 pm; 40 pm

25 pm; 30 pm; 50 pm

4k x 4k pixels

1.28°

~60 mm

~55 mm

<1md

<0.1% @ 1.02 R

! Etalons placed in collimated configuration are often slightly tilted with respect to the incident beam. The etalon

tilt induces a wavelength blueshift across the FoV.

1.5. Top Science Requirements

To achieve its science goals, CMAG must collect as many photons as possible to make
the required measurements of all four Stokes parameters of the selected spectral line(s) to
achieve the required polarimetric performance. The necessary spatial, spectral, and tempo-
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ral resolutions will be possible through full vector spectropolarimetric observations using
a coronal magnetograph as the sole instrument on board a spacecraft, hereafter referred
to as the CMAG spacecraft. This will be combined with an external occulter installed on
another spacecraft, hereafter referred to as the occulter spacecraft. These two spacecraft
will maintain a formation flight distance of 430 m for coronagraphic observations. At that
distance, the radius of the occulter has to be around two meters. The observational periods
will be of, at least, 2.5 h every twelve hours (this assumes a mission to L5 and a certain
solid fuel capacity that may vary). The main scientific and design requirements are listed
in Table 1. Since polarimetry demands precise pointing stability (Performance Drift Error,
PDE, must be better than 0.125” in one minute), both spacecraft will adhere to stringent
requirements (see next Section).

CMAG’s measurements complement those of METIS aboard the Solar Orbiter mission
by providing access to the coronal magnetic field. While our goals are similar to those of
the (on-ground) large coronagraph of COSMO (the COronal Solar Magnetism Observatory
project [41]), we use a much smaller aperture telescope (10 cm vs. 170 cm). Nonetheless,
we expect to obtain sharper coronal structure maps due to the absence of atmospheric
seeing and a larger throughput, resulting in high S/N observations in less time. Moreover,
externally occulted coronagraphy ensures significantly lower scattered light levels (by
three orders of magnitude [42]) when the occulter is positioned at 430 m, increasing our
polarimetric sensitivity and allowing us to observe much closer to the solar limb (at 1.02 R¢))
where scattered light effects are more detrimental (see Figure 3).

The approved NASA’s PUNCH mission [43], expected to be launched in 2025, follows
a loose formation flying concept and aims to explore the corona and solar wind by imaging
light scattered from free electrons from 6 to 180 solar radii. Missions such as PUNCH will
complement the science being carried out now by other missions such as Solar Orbiter,
enabling space weather scientists to trace solar phenomena from their origin to their
potential impacts on Earth. CMAG’s expected benefits will be a significant leap in this
endeavor, provided that it is operational in a reasonable time to overlap with the above
missions. DKIST will also benefit from pointing its extremely high spatial resolution
instrumentation to targets provided by CMAG. Additionally, CMAG is expected to be
a full member of the battery of instruments enabling multimessenger solar astronomy,
combining its measurements not only with remote-sensing coronagraphs but also with in
situ instruments aboard missions such as Solar Orbiter and Parker Solar Probe, ushering in
a new era of solar physics [44].
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2. Mission Concept
2.1. Mission Profile

The mission consists of two spacecraft, the CMAG and the occulter spacecraft, flying
in formation at the L5 Lagrangian point for a duration of 7 years. The occulter spacecraft
must carry the necessary equipment for enabling formation flying, as well as the occulter
disk. The CMAG spacecraft will carry the main scientific payload instrument: a coronal
magnetograph. During observations, CMAG will be positioned approximately 430 m
behind the occulter, significantly reducing solar disk scattered light by at least one order
of magnitude as compared to the Proba-3 mission. Figure 3 shows the relevance of a
high intersatellite distance. Unity represents the disk intensity. The regular bright profile
without any instrument is plotted in green. The use of an external occulter such as that
in Proba-3 at about 140 m from the coronagraph reduces the levels significantly (orange).
However, if the occulter is at about 400 m, as in the case of CMAG, the background of
scattered light decreases by one more order of magnitude, hence making the observation
of the solar corona easier in a unique way. Moreover, the diffraction effects near the limb
are much better suppressed, which allows for closer observation to the solar limb, much
closer to the transition region of the Sun. This reduction is crucial to extract the polarimetric
observations needed to measure the coronal vector magnetic field. Indeed, critical heights
of CME onset and prominence instabilities take place from 1.03 to 1.1 R, [45], so those
heights close to the solar limb are critical to observe if one wants to follow these events at
all their evolutionary stages.

The mission’s choice of the Lagrangian L5 point, which positions CMAG at an angle
of 60 degrees away from the Sun—Earth line, holds a significant advantage for solar physics
and space weather research altogether. This positioning allows us to effectively identify
the formation of potentially eruptive structures within the critical region of the corona,
often referred to as the “danger” zone for Earth. Moreover, from this unique vantage
point, we gain the capability to observe these structures during their gradual ascent in
what is known as the “slow-rise phase”. This level of observation and insight into solar
phenomena is unattainable from the Earth-based perspective and is crucial for enhancing
our understanding of solar activities that can impact our space environment. In any case,
it is worth noting that the observation of magnetic fields in the inner corona from space
remains a significant challenge in solar physics. Therefore, the majority of our (stand-alone)
solar objectives could still be achievable from, for example, the Lagrangian L1 point.

CMAG observations can be performed simultaneously and without interference to
any other instrumentation aboard the occulter spacecraft. Both spacecraft can be launched
together and then transferred to the Lagrangian point. The CMAG spacecraft will travel as
a small piggyback of the main primary mission. Both will have the necessary metrology
equipment to maintain the right formation flying configuration with respect to one another.

Earth-Sun system Lagrangian points, being in solar orbit, guarantee minimum propel-
lant consumption for maintaining the formation due to their relatively small gravitational
perturbations compared to any Earth-bound orbit. Preliminary analyses show that with
current technology, mission performance needs can be accomplished. However, in addi-
tion, several opportunities have been identified that could potentially improve this further
upon design consolidation. A radio-frequency link will be implemented between both
spacecrafts providing two key services: on one hand as a data link, on the other hand
as a first metrology step, determining relative position thanks to differential RF ranging
technology. The main spacecraft, which also carries the occulter, will act as a commu-
nication relay to transmit the necessary CMAG data products to the Science Operation
Centre. No dedicated communications transceiver between CMAG and the ground seg-
ment is necessary, although a low-bit-rate data link with the ground station is foreseen for
housekeeping, telemetries, and telecommands. The primary spacecraft, which carries the
two-meter radius occulter (making it the main and likely heavier of the two spacecrafts),
can also accommodate remote or in situ instrumentation. However, this does not imply
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that communications with the ground will be established directly from CMAG. It can be
devised as a stand-alone mission as well.

The baseline for the CMAG platform is close to a service-like module with a weight of
300 kg and a maximum power consumption of 100 W, excluding any potential structural
redesign or additional propellant needs. For the Attitude and Orbit Control System (AOCS),
CMAG will carry star trackers and reaction wheels for a fine 3-axis-stabilized pointing
mode, combined with coarse rate and Sun sensors for safe operations. A cold gas propul-
sion system will be used for both relative position control and reaction wheel unloading,
ensuring formation flight. The CMAG spacecraft will be able to generate power when
outside the occulter shadow and will have active thermal control. The battery capacity will
be sized for the foreseen scientific operations, which take place within the shadow cast by
the main spacecraft.

A metrology sensor suite is key for mission robustness and for achieving the required
performance. Metrology must be accurate enough to meet the mission’s scientific require-
ments and robust enough, at the same time, to guarantee recovering formation flight from a
completely lost state after any potential system failure and a smooth handover between the
two spacecraft. Four key elements make these operations seamless: the Formation Flying
Radio Frequency (FFRF) metrology, based on differential RF ranging from a reduced set of
antennas, provides almost omnidirectional coverage with comparatively low accuracy; the
Visual-Based System (VBS), placed on the occulter spacecraft and always pointing away
from the Sun’s direction, can detect a light pattern on CMAG and is capable of robustly
providing lateral relative position estimation with relatively high accuracy, as well as
coarse longitudinal estimation while maintaining a wide enough field of view to allow for
both the Science and the Stand-By Modes (see below); the Fine Longitudinal System (FLS)
laser-based metrology that reflects on a corner-cube retroreflector on the occulter spacecraft
and provides high-accuracy longitudinal estimation; and the Shadow Position Sensor (SPS),
a limb detector that corrects the lateral positioning of the CMAG spacecraft with respect
to the occulter shadow. The last two systems guarantee a spacecraft’s positioning within
a 1 mm error margin in the perpendicular plane (lateral) to the line-of-sight and along it
(longitudinal). Relative positioning stability (lateral) is 0.3 mm, while the absolute pointing
error and stability are 2.5” and 1” in 1 min, respectively.

2.2. Mission Operations Baseline and Spacecraft Concept

CMAG would be launched in a stacked configuration, piggybacking on the occulter
spacecraft. It will be commissioned during the initial stages of the transfer to the Lagrangian
point. After arrival, formation flying commissioning and calibration will take place. The
CMAG operational phase will comprise three stages (see Figure 4): Science Mode (SM),
Stand-By Mode (SBM), and Parking Mode (PM). During SM, CMAG will position the
instrument aperture at the necessary location within the occulter shadow and perform
station-keeping with high accuracy, using the highest precision elements in the AOCS and
metrology chain, and a propulsion system. As the occulter limits the solar panel’s power,
the shadow time will be limited to the energy storage capacity. Preliminary estimates
suggest a duration of approximately 2.5 h until battery depletion.

SBM is needed to optimize mission resources when not performing fine position
control. The spacecraft will exit the shadow region to charge the battery while remaining
within the coarse metrology’s operational range to ensure a swift transition back to fine
positioning when needed. This mode also allows for propellant saving since the posi-
tioning requirements are much less stringent. The current recharging time estimation is
seven hours. A 9.5 h SBM period will then allow for a 12 h observation cycle, making it
easier to synchronize CMAG’s observations with the ground segment. PM ensures safety
against collision for extended periods, although the Lagrangian points already ensure
safe and simple operations without collision risk. PM allows CMAG a long-term, pas-
sive relative orbit for commissioning, fault recovery, or maintenance. PM can be entered
when commanded from the ground. SM and SBM will be fixed and defined by design,
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autonomously managed by the CMAG spacecraft without operator intervention. The
proposed design baselines two observational cycles per day, representing the worst-case
scenario, with each cycle providing 2.5 h of scientific operations.

MAIN Q
SPACECRAFT

CMAG 1
Coarse SCIENCE —
metrology
field of view 2000m
Occulter =
penumbra
CMAG
PARKING

Figure 4. CMAG concept of operations. Autonomous operations (left) and non-operational orbit (right).

2.3. Payload Concept Design

The proposed CMAG instrument is an imaging spectropolarimeter that measures all
four Stokes parameters at given wavelength samples of selected emission spectral lines
from the corona: Fe XIV 530 nm, Fe XI 789 nm, and Fe XIII 1074 nm. These spectral lines
are among the ones showing the largest intensity above the K-corona. No other mission
aims at carrying out vector magnetography and mapping of the LOS and plane-of-the-sky
velocities of the highly dynamic inner corona. The baseline design (see Figure 5), with an
entrance pupil diameter of 10 cm, combines the first stage of the full disk telescope from
the Polarimetric and Helioseismic Imager (PHI) [46] instrument aboard Solar Orbiter with
the conceptual design of the TuMag magnetograph [47] for the SUNRISE III mission [48].
Two athermalized doublets focus the Sun on an intermediate focal plane. A field lens
placed before that focal plane re-images the entrance pupil to infinity to make the image
telecentric. The doublets are optimized to produce the best image of the external occulter
where an internal occulter is placed. A polarization modulation package (PMP) based on
Liquid Crystal Variable Retarders (LCVRs) carries out the polarization modulation right
after a filter wheel containing three prefilters corresponding to the three target spectral lines.
A collimator, consisting of a telephoto system to reduce the total track of the instrument,
re-images the Sun onto infinity and focuses the pupil on its image focal plane, where
the etalon and the Lyot stop are placed. Finally, a camera telephoto system refocuses the
image onto the detector with a fixed spatial sampling of 1.25” (2.5 resolution). If the size
limitations of the instrument allow it, the camera system will provide a telecentric image.

The instrument electronics include: a Data Processing Unit (DPU) for the overall
control of the instrument and data processing, communications with the S/C, to carry
out the main processing functionalities, and with sufficient storage to keep 2.5 h worth of
scientific data; an Analog, Mechanism, and Heater Drivers board (AMHD); a High-Voltage
Power Supply (HVPS) for tuning the etalon; a Power Converter Module (PCM); and an
Electrical Distribution System (EDS). The DPU is the core of the instrument electronics and
has to be tailored to perform data acquisition and accumulation, demodulation, retrieval
of the different subproducts (see Section 2.4), and compression. The AMHD will be in
charge of synchronizing the PMPs and the etalon, taking care of the thermal stabilization
of the more critical elements, and managing housekeeping data for the overall control of
the instrument, among other analog tasks. The PCM is the direct interface to the platform
and should hence fulfill the necessary requirements and redundancy. The spacecraft will
have image stabilization capabilities to guarantee the required 0.125" PDE stability in one
minute. The E-unit will be equipped with the necessary firmware (heritage of the Solar
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Orbiter PHI instrument complex on-board data processing) to provide the required data
products. On-board preprocessing of payload data will be key for the reduction in the
downlink telemetry.
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Figure 5. CMAG coronagraph instrument concept.

2.4. CMAG Data Products

The instrument will observe the full Stokes vector in several wavelength samples
across the aforementioned coronal lines. To transform the observations into scientific data
products, most of them will be processed in the DPU, including dark and flat-fielding
corrections, demodulation, normalization, and subsequent transformation to scientific
products, minimizing telemetry usage. The expected data products are maps of polarization
brightness (K-corona), the line-of-sight plasma velocity component, line Doppler widths,
the total line polarization, the (non-disambiguated) orientation of the magnetic field vector,
and the amplitude and sign of Stokes V. The latter two products can readily be calculated
from the linear polarization signals and from the circular polarization (using the weak field
approximation) since the lines lie in the strong limit of the Hanle effect [33,49] in optically
thin coronal plasma at locations where circular polarization is above the noise level of
10~3. To increase the polarimetric sensitivity, longer integration times (by adding datasets,
reducing spatial resolution, or increasing exposure time) are foreseen in well-defined cases.
For instance, when moving away from the solar limb and in the absence of solar structures
such as coronal loops, the coronal density drops considerably with distance. Therefore,
meeting the signal-to-noise requirement necessitates longer exposure times. In order to
infer the full magnetic field vector, downloading raw or preprocessed data is necessary.
This is because, to fully interpret optically thin forbidden coronal lines, including collisional
excitation and resonance scattering, one needs high computing resources. Other products
will be determined on the ground, e.g., coronal density maps can be inferred from the
polarization brightness. Intermediate products are also foreseen. For instance, brightness
temperatures can also be inferred provided the spectral line profile is available. CMAG will
also provide forward modeling tools for the interpretation of the products on the ground
and for aiding field extrapolations and modeling of the solar corona.

3. A Mission Opportunity

The CMAG mission was proposed to ESA in February 2022 in response to ESA’s call
for a “Fast” mission opportunity. In that proposal, the main platform was assumed to be
the current ESA’s Space Safety Vigil mission, which, with a few configuration modifications
and additional equipment, can act as an external occulter and enable formation flying. The
combination with the Vigil mission at the L5 Lagrangian vantage point ensures a unique,
low-risk, cost-effective, and interdisciplinary scientific return considerably improving
current coronal models and space weather predictions with a clear benefit for both the
Science and the Space Safety programs of ESA.

The use of Vigil as an external occulter presents an exceptional opportunity for the solar
physics and space weather communities, as it allows establishing a connection between
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photospheric magnetic activity (observed with the Photospheric Magnetic Field Imager
instrument, PMI, aboard Vigil [50]) and the corona through CMAG’s continuous monitoring
of the magnetic field and plasma velocities in the inner corona. Combining CMAG with
Vigil’s solar instrumentation ensures optimal scientific return and increased space weather
forecasting capabilities, which are not expected from any other space agency in the near
future, resulting in a significant qualitative leap.

However, CMAG can be adapted to any other space mission, provided it fulfills
the science requirements. Modifications to the main mission will be necessary. The main
spacecraft needs to carry an occulter disk, which can come from redesigned solar panels or a
retractable structure, ensuring the mission’s remote sensing payload remains unperturbed.
The intersatellite distance, estimated to be 430 m, requires a 2.5 m disk radius. The
distance between the two spacecraft, as well as the final external occulter’s disk radius,
has been defined based on scientific requirements. Additionally, careful consideration
has been given to ensure that the mission accommodates the dimensions of the Ariane
6 fairing. The chosen distance is also sufficiently large to prevent any protrusions from
potential additional instrumentation on board the occulter spacecraft. This meticulous
planning aims to optimize the scientific objectives while ensuring compatibility with
the spacecraft’s launch configuration. The metrology suite of instruments for formation
flight does not necessarily interfere with the main AOCS system design, resulting in an
estimated total mass increment of 24 kg, including the occulter disk. CMAG can be used as
a science data relay, transmitting data through an intersatellite link to the main mission,
which downloads them to the Ground Station. Operationally, CMAG observations will be
performed autonomously, providing the necessary data products. It can also be used on
demand if the scientific team needs particular observations.
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Abbreviations

The following abbreviations are used in this manuscript:
CMAG Coronal magnetograph

ESA European Space Agency

CME Coronal mass ejection

MHD Magnetohydrodynamic

LASCO Large Angle and Spectrometric Coronagraph
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UVvCs Ultraviolet Coronagraph Spectrometer

SOHO Solar and Heliospheric Observatory

STEREO Solar TErrestrial RElations Observatory

SECCHI Sun-Earth Connection Coronal and Heliospheric Investigation

METIS The multiwavelength coronagraph for the Solar Orbiter mission

SoloHI Solar Orbiter Heliospheric Imager

Association of Spacecraft for Polarimetric and Imaging Investigation of the
ASPIICS
Corona of the Sun

CRYO-NIRSP  Cryogenic Near-IR Spectropolarimeter

DKIST Daniel K. Inouye Solar Telescope

SPARK Solar Particle Acceleration Radiation and Kinetics

PDE Performance Drift Error

COSMO COronal Solar Magnetism Observatory

NASA National Aeronautics and Space Administration

PUNCH Polarimeter to Unify the Corona and Heliosphere

AOCS Attitude and Orbit Control Subsystem

PHI Polarimetric and Helioseismic Imager

TuMAG Tunable Magnetograph
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Abstract: Models of particle acceleration in solar eruptive events suggest that roughly equal energy
may go into accelerating electrons and ions. However, while previous solar X-ray spectroscopic
imagers have transformed our understanding of electron acceleration, only one resolved image of
y-ray emission from solar accelerated ions has ever been produced. This paper outlines a new satellite
instrument concept—the large imaging spectrometer for solar accelerated nuclei (LISSAN)—with
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the capability not only to observe hundreds of events over its lifetime, but also to capture multiple
images per event, thereby imaging the dynamics of solar accelerated ions for the first time. LISSAN
provides spectroscopic imaging at photon energies of 40 keV-100 MeV on timescales of <10s with
greater sensitivity and imaging capability than its predecessors. This is achieved by deploying
high-resolution scintillator detectors and indirect Fourier imaging techniques. LISSAN is suitable for
inclusion in a multi-instrument platform such as an ESA M-class mission or as a smaller standalone
mission. Without the observations that LISSAN can provide, our understanding of solar particle
acceleration, and hence the space weather events with which it is often associated, cannot be complete.

Keywords: particle acceleration; magnetic reconnection; instrumentation; techniques: imaging

spectroscopy; corona; coronal mass ejections (CMEs); flares; X-rays; gamma rays

1. Introduction

Particle acceleration is one of the earliest observable consequences of impulsive mag-
netic energy release, a process that drives many phenomena in the solar corona. Among
these are solar eruptive events, the most geo-effective form of space weather. In the stan-
dard model of solar eruptive events (Figure 1; see also [1]), the coronal magnetic field
becomes highly stressed due to turbulent motions at the “footpoints” below. Here, the
magnetic field passes between the lower atmosphere, where the plasma dictates the motion
of the field (high-8 plasma), to the corona, where the field dictates the motion of the plasma
(low-B plasma). Under certain conditions, the excess energy in the field can be suddenly
released via magnetic reconnection, which rapidly rearranges the field into a lower stress
configuration (transition from blue to green field lines in Figure 1). Depending on the
magnetic configuration, the plasma, magnetic field and accelerated particles may escape
into the heliosphere as coronal mass ejections (CMEs), “jets” or solar energetic particle (SEP)
events. Charged particles accelerated downwards spiral along magnetic field lines towards
the footpoints, depositing their energy via Coulomb collisions as they propagate. Because
the ambient density in the chromospheric footpoints is orders of magnitude greater than in
the corona, most of the particles” energy is deposited there. This rapidly heats and ionises
the chromospheric plasma, which ablates back into the corona along the magnetic field
lines in a process known as chromospheric evaporation. This produces coronal loops that
glow at several million kelvin. The intense broadband radiation produced throughout this
process is known as a solar flare.

Example Solar
Eruptive Event

CME core

Large coronal loop

Magnetic (magnetic flux rope)

reconnection

Above-the-loop
~top (ALT)
source

location

Loop
footpoints |

¥ Flare
ribbons
Figure 1. Standard model of a solar eruptive event. Magnetic reconnection releases stored energy
in the coronal magnetic field which accelerates charged particles and heats local plasma, causes the
growth of flare loop arcades, and can result in the ejection of plasma and the magnetic field into the
heliosphere (coronal mass ejection, CME). Figure courtesy of [2,3].
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Particles in solar eruptive events can be divided into three populations: accelerated ions,
accelerated electrons and hot plasmas. Accelerated ions in the range of 1-100 MeV /nucleon
can be detected via various lines in the y-ray range 1-10 MeV due to nuclear de-excitation,
neutron capture, and positron annihilation [4-11]. Accelerated ions with energies greater
than 100 MeV /nucleon can be detected via the decay of secondary pions via nuclear
reactions with the ambient medium. As the pions decay, the decay products produce a
broad-band continuum at photon energies above 10 MeV, with a broad peak around 70 MeV
from neutral pion radiation [12,13]. Hot plasmas (25 MK) and non-thermally accelerated
electrons can be characterised via the hard X-ray (HXR; 25 keV) bremsstrahlung emission,
which is produced as they scatter in the ambient medium. The bremsstrahlung spectrum
reflects the velocity distribution of the particles that produced it and can be inverted to
calculate the spectrum of the emitting electrons [14,15]. Hot plasmas can therefore be
distinguished by their Maxwellian-shaped (thermal) spectrum, which dominates at lower
energies (S20keV), and accelerated electrons can be distinguished by their power-law-
shaped (non-thermal) spectrum, which tends to dominate at higher energies (215keV)
(e.g., [16-18]). Moreover, unlike other signatures (e.g., radio emission), X-rays can provide
measurements of the numbers and energies of accelerated electrons, and hence provide a
unique insight into the underlying acceleration process.

The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; [19]) was the
first instrument to simultaneously produce images and spectra of solar eruptive events in
HXR on timescales of several seconds. Consequently, its observations have transformed
our understanding of electron acceleration and the evolution of solar eruptive events.
The Spectrometer/Telescope for Imaging X-rays (STIX; [20]) onboard Solar Orbiter is
furthering this understanding by producing similar diagnostics at a higher time cadence
from different viewing angles than that of Earth. Despite this, neither RHESSI nor STIX
provide sufficient sensitivity and imaging capability in the y-ray regime to reliably observe
ion acceleration. An image of solar y-ray line emission has only been produced for one
solar flare, and the emission centroid has been localised in an additional four [21,22].
Moreover, solar y-ray imaging has never been performed on timescales sufficient to reveal
the spatio-temporal evolution of accelerated ions during a flare. Hence, the role of ion
acceleration in solar eruptive events remains largely unknown. This is despite evidence
that flare-accelerated ions may carry comparable energy to that of electrons (e.g., [23-25]).
Thus, our understanding of solar particle acceleration and the space weather events with
which it is often associated cannot be complete until we can reliably observe this missing
half of the picture.

In this paper, we outline the large imaging spectrometer for solar accelerated nuclei
(LISSAN) satellite instrument concept. LISSAN was originally conceived as part of a suite
of instruments for an ESA M-class mission concept (SPARK; [26]). It provides reliable
imaging and the spectral characterisation of both electron and ion acceleration in solar
eruptive events for the first time. This will enable it to answer several important open
questions regarding solar particle acceleration and the initiation of space weather events.
We discuss some of the most pressing of these in Section 2 and define the instrument
performance required to address them in Section 3. We also lay out LISSAN’s expected
performance based on its design, which we describe in Section 4. Finally, in Section 5, we
summarise the LISSAN instrument concept and its capabilities for revealing new science
concerning ion acceleration in solar eruptive events.

2. Unresolved Questions Regarding Ion Acceleration in Solar Eruptive Events

While our understanding of electron acceleration in solar eruptive events has been
greatly enhanced in recent decades by instruments like RHESSI and STIX, our under-
standing of ion acceleration is poorly constrained due to the tiny number of y-ray spectro-
scopic imaging observations available. In this section, we discuss three major outstanding
questions regarding solar ion acceleration and the observations required to resolve them
(Figure 2).
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Figure 2. Time histories of the y-ray emission during the 28 October 2003 X17-class flare due to
electron bremsstrahlung (upper panel) and the nuclear line emission (prompt lines: hv = 4.4 and
6.1 MeV; delayed neutron capture line 2.223 MeV; INTEGRAL). The dashed lines and shading denote
different phases of the flare. Initially (phase A, yellow), impulsive non-thermal bremsstrahlung
emission from accelerated electrons dominates. As this ceases, increases in prompt line and delayed
neutron capture emission is seen (phase B, orange) before it slowly decays (phase C, white). Figure
taken from [27]. For more details, see that study.

2.1. Do Ion and Electron Acceleration in Solar Eruptive Events Share a Close Physical Relationship?

It is still unclear whether there is a close physical link between ion and electron acceler-
ation in solar eruptive events, or whether different mechanisms dominate for the different
species at different energies. For example, first-order Fermi acceleration in magnetic islands
is expected to operate similarly for both ions and electrons [28], resulting in comparable
spectral indices [29]. However, efficient energisation requires pre-heating, for which the
responsible mechanisms likely differ between electrons and ions [30,31]. If ion and electron
acceleration do share a close physical relationship, we might expect their emission to be
well correlated in space and time. However, the few observations to date appear to paint
an inconclusive and contradictory picture.

One study [32] examined event-integrated fluences in many events of bremsstrahlung
emission above 300 keV from accelerated electrons and 2.223 MeV line emission indirectly
produced by protons accelerated above 30 MeV. It found that these signatures correlate
well over three orders of magnitude, suggesting that there is a close physical relationship
between electron and ion acceleration. However, a detailed study of the 28 October 2003
X17 event showed differences in the spatially integrated time evolution of accelerated
electrons and ions during the course of a flare [27]. This found that the emission from
accelerated electrons initially dominated (Figure 2, top panel, phase A, yellow) while the
y-ray line emission from accelerated ions became prominent later (Figure 2, middle and
lower panels, phase B, orange). Other studies [11,21] have observed differences in the
relative locations of electron HXR and ion 2.2 MeV y-ray line emission in three of the five
flares for which y-ray emission could be localised. Note that “localised” is not the same
as “imaged”. A single y-ray image was produced for only one of these events (28 October
2003; Figure 3). For the others, only the emission centroid could be inferred via localisation
techniques, but not its size or morphology. Moreover, the spatial uncertainty associated
with localisation is greater than when a resolved image can be produced. Nonetheless,
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the statistically significant separations determined with localisation techniques between
electron HXR and ion y-ray sources may suggest different acceleration mechanisms and/or
paths taken by electrons and ions as they precipitate through the solar atmosphere.
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Figure 3. The 50%, 70%, and 90% contours of y-ray (blue) and HXR (red) images made with RHESSI were
overlaid on a TRACE 195 A image of the 28 October 2003 X17-class flare. The red plus signs indicate the
200-300 keV HXR footpoint locations for successive adjacent intervals of 100, 120, 180, and 2405s. This
figure was taken from [22].

To reveal the temporal and spatial connections between accelerated electrons and
ions, y-ray and HXR emission must be imaged simultaneously for a significant number
of solar eruptive events. Moreover, they must be imaged on timescales that reveal their
evolution during the impulsive phase of flares when electron acceleration is known to be
prominent. The one HXR-y-ray flare image produced to date (Figure 3) is insufficient to
achieve these goals.

2.2. How Efficient Is lon Acceleration in Solar Eruptive Events?

The fraction of particles accelerated out of the ambient Maxwellian velocity distri-
bution and the total energy they contain are essential constraints on acceleration models.
Acceleration by magnetic islands [33] and super-Dreicer electric fields in a reconnecting
current sheet [34] can accelerate a large fraction of the available electrons and perhaps
ions, while mechanisms relying on large-scale sub-Dreicer electric fields cannot [35]. In the
few extreme cases where RHESSI observed non-thermal HXR sources near the believed
acceleration site above flaring loops, the interpretation of their spectra suggested that,
essentially, all electrons in the acceleration region were accelerated in a bulk-energisation
process [36,37]. It is unknown how such a process can be sustained given the limited num-
ber of electrons available in the acceleration region, although return currents repopulating
the region is a possibility [38—42].

In contrast, even less is known about the efficiency of the ion acceleration process.
The relative number of accelerated particles of different ion species can be constrained by
the shapes and fluences of various y-ray lines (e.g., alpha/proton ratio; [27]). The relative
abundances of heavier accelerated ions can be determined from the relative fluences of
broad de-excitation lines produced when heavy energetic ions interact with ambient H and
He. Because these lines are broad, they are difficult to distinguish from the underlying
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continua formed by electrons and nuclei. One study computed both narrow and broad
y-ray line spectra for the most abundant elements and accelerated ions in the solar atmo-
sphere [43]. It compared elemental abundances of a single flare observed with SMM /GRS
with similar abundances measured in space for large proton flares and impulsive 3He
events. Although the uncertainties were large for most elements, Ref. [43] found that Mg
and Fe were significantly enhanced (>3—40) relative to C and O, similarly to impulsive
3He-rich events. However, since this study only examined one event, it is unclear whether
this result is representative of ion acceleration in flares. Observations of a behind the limb
flare with GRANAT /PHEBUS showed that enhancements of heavy ions (Ne-Fe) increased
with time over the course of the flare, before finally reaching the highest values observed in
solar energetic particle events by in situ measurements [44].

The relative importance as a function of time of the narrow (proton and alpha-particle)
and broad (heavier accelerated species) lines would be key evidence for the progress of
the energisation process. However, observations to date have not been able to support
sufficiently comprehensive studies to determine this.

2.3. How Are the Most Energetic Particles in the Solar Atmosphere Accelerated?

Studies of small numbers of events examining the y-ray lines (1-10 MeV) and pion
continuum (>10 MeV) suggest that the accelerated ion spectrum is not a simple power law
extending from the non-relativistic (1-100 MeV /nucleon) to relativistic (>few hundred
MeV /nucleon) regimes [45—49]. These studies were performed with observations from
different instruments, and so uncertainties in cross-calibration mean that their results are
not conclusive. They nonetheless raise the question of whether the most energetic particles
are accelerated via a different mechanism.

The longevity of some pion emission presents another major challenge to our un-
derstanding of how most energetic solar particles are accelerated (e.g., [50]). Once again,
the limited observations to date paint an inconclusive and contradictory picture. Fermi-
LAT observed emission for more than two hours in 21 solar flares, almost half of the
pion-producing flares observed in the first 13 years of the mission. This raises the ques-
tion of why such high-energy particles are present in the solar atmosphere, despite the
apparent absence of other flare signatures [51]. The fact that most accelerated electrons
are seen within the first several minutes of a flare suggests that the long-duration pion
emission is caused by an acceleration mechanism with no close physical link to that of
the electrons. The often quoted alternative is acceleration at a CME-driven shock. One
study [52] analysed 30 solar eruptive events with long-duration y-ray emission and their
associations with CMEs and relativistic ions observed near Earth. They concluded that the
y-ray emission is most likely due to back-precipitation from a CME-driven shock. However,
another analysis of 14 events [53] found no correlation between the observed interplanetary
ions and the numbers required to produce the observed y-ray emission, casting doubt on
the CME scenario. In addition, it has been shown that, due to strong magnetic mirroring,
the fraction of ions accelerated at a CME that would back-precipitate to the chromosphere
should be in the order of 0.5-1% [54], significantly smaller than that derived from observa-
tions [53]. The 20 January 2005 flare demonstrated the possibility that very high-energy
ions are accelerated in the flare process, rather than in the interplanetary medium [55-57].
Meanwhile, the Fermi-LAT observations of the 7 March 2012 flare suggest that the emission
above 100 MeV migrated from the active region towards the western limb during the first
10 h. This supports the idea that particle acceleration could be occurring at an extended
source [58,59]. However, Fermi-LAT’s angular resolution is too coarse to resolve the y-ray
sources and the inferred source locations are associated with large uncertainties.

Unravelling the relative roles of flare and interplanetary processes in accelerating
high-energy ions is crucial to understanding long-duration events and their potential space
weather consequences. However, it is clear that higher sensitivity observations in the
HXR and y-ray regimes are required to sufficiently examine the timing and spectra of
electron bremsstrahlung and pion decay radiation. Moreover, this must be performed
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for a significant number of events, as flare and interplanetary processes may dominate in
different scenarios.

3. LISSAN Instrument Requirements

To address the scientific questions outlined in Section 2, LISSAN must meet the
performance requirements listed in the middle column of Table 1. A lower energy limit
of 40keV is required to observe the HXR emission from accelerated electrons. A higher
energy limit of 80 MeV is required to measure the broadly peaked pion decay emission,
which peaks at 70 MeV. To distinguish emission in different parts of the coronal structure,
a spatial resolution of 10" is required. To detect y-ray line emission in an active region,
and possibly pion decay sources away from the main site of energy release, a field of view
with a diameter of >10’ is required. To follow the spatio-temporal evolution of the y-ray
line emission, an imaging cadence of 10s is required. To characterise the alpha/proton
ratio via the shapes of the C and O nuclear lines 4.4 and 6.1 MeV (~1.5-4% FWHM; [60]),
an energy resolution of 1.5% FWHM is required at 6.1 MeV. To detect the y-ray emission
from M-class flares, and characterise the temporal evolution of the y-ray emission during
intense events, effective area for imaging of 75 cm? and an effective area for spectroscopy
of 400 cm? are required at 2.2 MeV.

The right column of Table 1 gives LISSAN’s expected performance based on its design
(Section 4) which meets or exceeds the requirements in all categories. LISSAN represents
a significant advance over any previous satellite-based solar y-ray spectroscopic imager.
For example, LISSAN’s imaging effective area is 25 times greater than RHESSI's at 2.2 MeV
and its effective area for spectroscopy at 2.2MeV is 20 times greater. This will enable
hundreds of solar y-ray events to be imaged and for multiple images to be produced
during individual flares. This is a drastic improvement over the single resolved y-ray flare
image produced to date. LISSAN’s improved imaging time cadence will help reveal how
accelerated ions evolve in space and time, and how their importance relative to electrons
changes during flares. The greater number of events observed will include a range of flare
magnitudes, which will help reveal the different conditions that affect the ion acceleration
process(es). Despite being crucial to understanding how solar eruptive events occur and
evolve, such observations have never before been possible.

Table 1. Middle column: Performance required to address the scientific questions outlined in Section 2.
Right column: LISSAN’s predicted performance based on the design outlined in Section 4. In all cases,
LISSAN’s predicted performance meets or exceeds the requirements.

LISSAN Parameter Performance Requirement Predicted Performance
Energy range—low 40keV 40 keV
Energy range—high 80 MeV 100 MeV
Imaging effective area (2.2 MeV) 75 cm? 100 cm?
Spectral effective area (2.2 MeV) 400 cm? 440 cm?
Sensitivity (2.2 MeV) 50 photons/ cm? 50 photons/ cm?
Sensitivity (6.1 MeV) 5 photons/cm? 5 photons/cm?
Imaging time resolution 10s 1s
Angular resolution <10” 8"

Field of view >10" diameter 13’ diameter
Energy resolution (6.1 MeV) 1.5% dE/E 1.5% dE/E
Largest observable flare >X5 >X5

4. LISSAN Design

In this section, we first provide a high-level overview of LISSAN’s design that en-
ables it to provide the observational capabilities described in Section 3. We then describe
LISSAN's indirect imaging system in more detail before moving onto a more technical
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discussion of LISSAN’s main components. We finish with a brief discussion of LISSAN’s
spacecraft interface requirements and environmental constraints.

4.1. Instrument Concept

LISSAN reveals the dynamics of accelerated ions and electrons via spectroscopic
imaging on timescales of 10s in a photon energy range of 40 keV-100 MeV. Its basic design
is outlined in Figure 4. LISSAN employs an indirect Fourier imaging technique which
is valid across its entire spectral range (Section 4.2). Spatial information is encoded into
15 moiré patterns by 15 pairs of slightly offset grids (bigrids) separated by a fixed distance.
The moiré patterns each represent a “spatial frequency” at a certain orientation on the
sky and can be combined on the ground into images via various Fourier reconstruction
techniques. Each bigrid is aligned with a pixelated GAGG crystal scintillator detector
which records the time, location, and energy of each incoming photon. This enables both
the moiré pattern and spectrum to be reproduced via the same imaging system, hence
providing simultaneous imaging and spectroscopy. This imaging concept was pioneered
and successfully employed by STIX [20,61]. In addition to its 15 imaging subcollimators
(bigrids plus detector), LISSAN has an additional five gridless subcollimators. Four are
used for enhanced sensitivity spectroscopy, as the absence of bigrids amplifies the photon
throughput to the detector by a factor of 4 at the cost of imaging information. The fifth is
used for monitoring background.
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Figure 4. Block diagram showing the main components of LISSAN’s design.

Incident photon flux can be moderated by a moveable attenuator that automatically
responds to count rate thresholds. This avoids issues that corrupt the measured spectrum
such as pile-up, which occurs when the rate at which photons are detected approaches
the maximum rate at which the detector system can count. Due to the higher penetrating
power of more energetic photons, the attenuator preferentially blocks lower energy X-rays.
Thus, lower count rates can be achieved without impacting LISSAN’s ability to observe
y-rays from accelerated ions. Moreover, since solar X-ray spectra increase exponentially at
lower energies, enough X-rays can still be observed to characterise electron acceleration.

The data processing unit (DPU) performs low-level processing and the compression
of data received from the detector system’s electronics. It also performs instrument control
functions and interfaces with the spacecraft.

Detection of faint solar X-ray and y-ray signals requires a low background flux. This
depends on many factors, including the satellite orbit and phase of the solar cycle. For
an orbit at L1 during solar maximum, approximately 2 protonscm2s~! are expected
to be incident on the satellite due to isotropic cosmic rays. These will be shielded from
LISSAN’s detectors by the surrounding spacecraft, as well as by tungsten passive shielding
around the detector plane. A more reliable background estimate can be computed via
a Monte Carlo Geant4 simulation of the whole system. A plastic scintillator can also be
placed below the detectors to tag high-energy particles (GeV cosmic rays), and produce an
anti-coincidence signal to the main detectors. Calculations for previous missions, including
INTEGRAL, suggest that active shielding may enable a reduction in the background by a
factor of 5-10.
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LISSAN’s imaging axis is defined by the position of the front grids relative to the rear
ones. LISSAN'’s solar aspect system monitors this orientation relative to the Sun, thereby
enabling the coordinates of the reconstructed images to be determined.

LISSAN’s design enables it to achieve 40 times greater sensitivity than RHESSI at
6.1 MeV (5 counts/cm?) and at the 2.2 MeV neutron capture line (50 counts/cm?). This will
enable it to detect, image, and characterise emission from accelerated ions in a significant
number of flares for the first time. Moreover, LISSAN’s design is scalable. Therefore,
if mass, volume, and power budgets allow, LISSAN can be augmented with additional
subcollimators. These can be used to enhance LISSAN’s imaging capabilities by producing
more moiré patterns, and/or further boost sensitivity for spectroscopy. Alternatively,
if mass and funding budgets are tight, thinner grids could be used that are partially or
fully transparent to the highest energy vy-rays. This would reduce LISSAN’s imaging
capability at these energies (e.g., the C and O lines), but spectroscopic sensitivity would be
enhanced by the greater transmission through the grids. Thinner grids would affect lower
energy imaging far less—e.g., the Ne, Mg, Fe, and Si lines—and so still provide valuable
information on the locations of accelerated ions. LISSAN would therefore still be able to
address many of the science questions outlined in Section 2.

4.2. Indirect Imaging System

Photons cannot be focused easily at the energies observed by LISSAN, and so an
indirect imaging technique is required [62]. LISSAN’s imaging system is composed of
15 imaging subcollimators, each composed of a detector and a pair of grids (bigrids) of
parallel slits and slats. Each pair of grids is separated by 3 m and have slightly mismatched
pitches (slit/slat size). This casts a moiré pattern onto the detector as photons pass through
the slits and are absorbed by the slats (Figure 5). The moiré pattern represents a Fourier
imaging component, also known as a complex visibility. This is a spatial sampling on
the plane of the sky whose angular resolution is determined by the grid pitch and its
direction by the bigrid orientation. The visibility’s phase (shift of the moiré pattern’s peak
across the detector) and amplitude (difference between the moiré pattern’s peak and trough
intensities) are sensitive to both the extent and position of the source. For instance, any
source located off-axis will result in a shifted pattern. The visibilities can be recombined
into images using reconstruction algorithms similar to a 2D Fourier transform.

Figure 5. Left: moiré pattern created by the transmission through the grids in one of the LISSAN
collimators by a point source on the Sun 100” from the line of sight (black areas mark areas where
the transmission is blocked by the grids). Middle: corresponding counts reaching the LISSAN
detector. Right: relative flux registered in each GAGG crystal of the detector array: the highest flux
is in white and the lower flux in black. Differences between pixels in a single column are due to
counting statistics.

The minimum angular resolution is dictated by the subcollimator with the finest
bigrid pitch. However, coarser pitches are also needed to capture the larger scale structure
of the source. Moreover, since each subcollimator produces a visibility sensitive in only
one direction, it is desirable to have multiple subcollimators with the same or similar
resolutions at different orientations to better capture the asymmetric structure. The LISSAN
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design proposed in this paper therefore includes 5 different bigrid pitches, each arranged
at 3 different orientations, resulting in the previously quoted 15 imaging subcollimators.
The finest bigrid pitch is 230 pm (115 um slit width) corresponding to a minimum angular
resolution of 8 FWHM. The distribution of subcollimator resolutions and orientations
can be visualised by plotting their corresponding visibilities in Fourier space, known as
the (u,v) plane. Altering the pitch and orientation of the bigrids causes the (u,v) points
to shift. One possible visibility distribution is shown in the left panel of Figure 6. The
resultant point spread function (PSF) is shown in the middle panel. The right panel shows
the 50-84 keV image that LISSAN would have produced with this visibility distribution
for the M9.7 flare observed by STIX on 31 March 2022. Two flare footpoints produced by
HXR bremsstrahlung from precipitating accelerated electrons are clearly visible. While
Figure 6 clearly shows that this visibility distribution can produce scientifically useful
images, a more optimal distribution may exist. This can be determined by a trade study
during the design phase of a LISSAN mission.
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Figure 6. Left: One possible (u,v) plane coverage for LISSAN; Middle: associated point spread func-
tion (dirty map of a point source on-axis: this image contains both the X-ray source and instrumental
artefacts to be removed with the adequate cleaning algorithms); Right: simulation of a LISSAN image
of the 50-84 keV emission from the two hard X-ray footpoints during the M9.7 flare on 31 March
2022, which was observed by STIX on Solar Orbiter. This image was obtained by running the CLEAN
image reconstruction algorithm (e.g., [63] and Section 2.5 in [61]) on the dirty image.

The field of view (FOV) of the imaging system is defined by the grid pitch and
thickness. The finest pitch of 230 pm and 3 cm grid thickness proposed here results in an
FOV with a diameter of 13 arcmin. This is greater than the 10 arcmin required to image the
y-ray line emission in an active region and possible pion decay source away from the main
flare site (middle column, Table 1). The thickness of the bigrids is determined by the highest
energy at which imaging is required. This is because grids of a certain thickness become
transparent to y-rays above a certain energy, and so moiré patterns are no longer formed.

4.3. Main Instrument Components
4.3.1. Grids

The LISSAN grids are square, with lengths of 15 cm for the front grids and 11 cm for
the rear ones. The pitches range from 230 pm to 3720 um (slit widths 115-1860 pm) and
their thickness is 3cm. The grids can be made of tungsten or a tungsten—copper alloy.
Manufacturing grids with such an extreme thickness-to-pitch aspect ratio is challenging,
and all conventional manufacturing techniques have drawbacks. Machining can fail due to
the length of the channels compared to the thin wall thickness of the grids. Laser ablation is
often only suitable for relatively shallow depths, while electrochemical machining usually
requires a tool that is expensive to manufacture. A feasible alternative is modern 3D
printing. We identified two options:

1. Laser powder bed fusion (cf. [64]): for tungsten, the components for nuclear fusion,
medical imaging, and space applications have been manufactured with this technique
by the Fraunhofer Institute for Casting, Composite and Processing Technology (IGCV).
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2. Three-dimensional screen printing (cf. [65]): Anti-scatter grids with fine pitches and
large-aspect ratios for medical imaging were developed in tungsten—copper by the
Fraunhofer Institute for Manufacturing Technology and Advanced Materials (IFAM).

Examples of grids manufactured with these techniques are shown in Figure 7. While
the manufacturing technologies are mature, grids with such fine pitches have not yet been
developed for space applications at the time of writing. Issues currently remain with
microcracks in the laser-based printing technique that are susceptible to vibrations during
launch. Therefore, further development is required to bring these components to TRL 6.
However, mitigation strategies such as switching to a tungsten—copper alloy are already
known. The only performance penalty associated with this measure would be a reduction
in the field of view from 13" to 10”, as the material’s lower density would require thicker
grids to achieve the same absorption. However, this still fulfils the field of view requirement
in Table 1.

—

Figure 7. Examples of 3D-printed tungsten components developed by Fraunhofer institutes.
(Left): tungsten grid structure for nuclear fusion applications, manufactured by laser powder bed
fusion (IGCV). (Middle): tungsten anti-scatter grid for medical imaging manufactured by screen
printing (IFAM). (Right): Measured dimensions of anti-scatter grid (IFAM).

4.3.2. Detectors

The LISSAN detectors provide a spectral resolution that is better than 1.5% FWHM
at 6.1 MeV which is sufficient to measure the Doppler profiles of the C and O lines at
4.4 and 6.1 MeV (Table 1). Each detector is composed of a 4 x 4 array of gadolinium alu-
minium gallium garnet (GAGG) crystal pixels, which provide a total active area of 100 cm?.
GAGG:Ce are new crystals which are fast (50-100 ns), bright (30-50 photons/keV), and non-
hygroscopic. They perform at moderate cooling temperatures compared to Germanium-
based detectors and have a high quantum efficiency in the y-ray regime. The detection
chain is composed of:

1. GAGG crystals that scintillate when X-rays and vy-rays are absorbed;

2. Silicon photomultipliers (SiPMs) and their front-end electronics (FEE; analog/digital
front-end ASIC and voltage regulation) that record the scintillation;

3. Fully digital back-end electronics (BEEs).

A single pixel is composed of a 2.5 x 2.5 cm? GAGG crystal with a thickness of 10 cm for
good high-energy photon absorption. They are surrounded by a 3 M Vikuiti reflecting foil.
Each pixel is readout at both ends by SiPM matrices, each composed of 4 x 4 pixels (6 mm),
resulting in a total matrix size comparable to the ends of the GAGG pixel. The analog
signals from each 16-pixel matrix are combined before being sent to the FEE, which are
cooled to 0 °C.

The LISSAN detector units are covered by a Polyether Ether Ketone (PEEK) cover,
transparent to y-rays, to shield the detectors against visible photons. Each GAGG pixel
produces two SiPM signals (giving a total of 32 analog signals) which are readout by two
IDEAS/APOCAT fast 16-channel ASICs. The APOCAT ASIC, conceived by the IDEAS
company and inherited from SIPHRA ASIC, is radiation-hardened and optimised for SiPM
readout and has been used by several space missions. The two APOCAT ASICs provide
digital information on the detected events, SiPM HV voltage (~50 V), temperature probes
to monitor SiPM temperatures, and voltage and current probes to verify the health of the
detection unit. The APOCAT ASIC also enables high-voltage fine-tuning to optimise the
detector performance and uniformity between detector units.
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The detector plane is composed of 20 LISSAN detection units, each associated with a
subcollimator (15 imaging and 5 gridless). The total detection area is 2000 cm?. After full
functional and performance validation, these detection units are mounted in a main struc-
ture of aluminium alloy or AlBemet. All the detection units” information is sent to the BEE
card, which is based on two nanoExplore NG-LARGE FPGA hardened components. The
FPGA then produces photon event lists, which are sent to the data processing unit (DPU).
The FPGA can produce higher-level products such as spectra, light curves, and images,
instead of, or as well as, the event lists depending on the telemetry budget.

APC and LESIA are currently developing a new detector system funded by CNES
known as the fast gamma-ray spectrometer (FGS) which is similar to that required by
LISSAN. It is also based on new GAGG scintillators readout by SiPMs and controlled by
the IDEAS/APOCAT fast ASIC (Figure 8). FGS differs from the LISSAN detection unit
design only in its crystal size: 2 x 2 x 1 cm?® for FGS compared to 2.5 x 2.5 x 10 cm? for
LISSAN. LISSAN can therefore leverage the FGS development, which is expected to bring
this technology to TRL 6 in 2024. It is important to note that, although the FGS system
will soon be space-qualified, its main components, i.e., GAGG crystals, SiPMs, and the
IDEAS APOCAT ASIC have already flown in space. Although SiPM dark current has been
observed in space missions to increase with the radiation dose, this effect is not expected to
be significant for LISSAN as the SiPMs are shielded by their surroundings. We anticipate
a fluence of less than 10 protons cm 2 (67 MeV equivalent) during a three-year mission.
Radiation measurements made with CNES at the Louvain-la-Neuve cyclotron have shown
that the Hamamatsu SiPM will operate sufficiently with this dosage.

Figure 8. CAD drawing of LISSAN’s detector system design arranged in four 2 x 2 pixel arrays
(4 x 4 pixels in total). The artificial cutaways in the two nearest arrays reveal the yellow GAGG:Ce
crystals (pixels) surrounded by 3M Vikuiti reflecting foil. Each pixel is read out by SiPMs at their top
and bottom and are connected to the APOCAT ASICs below.

4.3.3. Solar Aspect and Twist Monitoring System

LISSAN's solar aspect system determines the imaging axis by monitoring the relative
position of the front and rear grids, including their shift and twist, in relation to the Sun.
This will be achieved by mounting two aspect system units in two corners of the instrument,
as shown in Figure 4. Each unit is composed of a small optical lens in the front collimator
assembly and a photodetector in the rear. The position of Sun-centre can then be determined
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from the image produced. This system provides an absolute pointing precision to better
than 4”. A similar system is currently being successfully used by STIX. An alternative is to
directly image the Sun with a CCD or CMOS detector. The pros and cons of each system
can be determined by a trade study during the initial design phases of a LISSAN mission,
but both are viable.

4.3.4. Data Processing Unit (DPU)

Figure 9 shows the main components of the DPU subsystem. The central element is
an Aeroflex GR712RC chip implementing a Leon3FT processor. The CPU is clocked by
the 20 MHz oscillator in order to minimise the power consumption. The DPU is equipped
with 8 MBytes of Aeroflex SRAM operating memory and a further 2 MBytes of Aeroflex
MRAM memory for storing the application software. The MRAM has very good radiation
immunity. The size of the SRAM and MRAM can be increased depending on LISSAN’s re-
quirements. The DPU’s start-up (boot) software is stored in PROM memory from Aeroflex.
This also has good radiation immunity and is supplied by a 3.3 V voltage source. Commu-
nication with the spacecraft is achieved via SpaceWire using Aeroflex drivers and receivers
UT54LVDS031LVUCC and UT54LVDS032LVUCC. The Leon3FT processor is widely used
by ESA space projects and several space-qualified real-time operating systems can run on
it, e.g., RTEMS OS.
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Figure 9. LISSAN DPU subsystem.

The LISSAN DPU is based on GR712RC, which is used in different space applications.
A similar design concept was used by the SWI instrument onboard JUICE, and a similar
architecture was used in PROBA3. An alternative concept is based on RTAX2000S/SL,
which was used by STIX.

4.4. Spacecraft Interface Requirements and Environmental Constraints

The resources required by LISSAN are summarised in Table 2. The mass is driven
by the mass of the individual grids (~3 kg each) and detector units (~6 kg each). The
dimensions are 350 cm X 75cm X 75cm to accommodate the grids and the separation
between them needed to achieve the described imaging performance. The data rate will
be highly dependent on the solar activity. Each photon count in each detector segment is
individually recorded as a 4-byte data record. During the largest flare (>>X10), the data
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volume transmitted from the DPU to the onboard storage could reach 10 GB in ~10 min.
Such events are rare, and the average data rate is expected to be at least 2 orders of
magnitude lower. Onboard storage will be used to store large data volumes if needed.
Binning the data in energy and time on request, as is performed for STIX, can also be
considered if the telemetry is limited. The strongest thermal requirement is driven by the
FEE operating temperature (~0 °C). This can be achieved with a cold finger and radiators.
To locate solar targets in its FOV, LISSAN requires an absolute pointing accuracy of 30”. To
maintain the angular resolution of the instrument, a pointing stability of 0.2” over a second
is required. L1 and LEO equatorial orbits both provide an environment with sufficiently
low background radiation for LISSAN to achieve its required sensitivity.

Table 2. Resources required for LISSAN.

Resource Requirement
Mass 370kg
Volume 1.96 m3
Power (peak) 125W
Operating temperature (FEE) 0°C

5. Summary

LISSAN provides solar X-ray and y-ray imaging spectroscopy in the range of
40keV-100 MeV on timescales in the order of 10s. Its observations will answer many
open scientific questions regarding electron and ion acceleration in the solar corona, whose
underlying physical processes also drive many other phenomena throughout the universe.
Its ability to unveil the acceleration of ions is particularly valuable because of their antici-
pated energetic importance in solar eruptive events and the fact that the spatio-temporal
regime has largely been unexplored. Only one resolved y-ray image of a solar flare has
previously been achieved. Most of the technology required by LISSAN is already TRL 6
or greater, while other technologies are currently being brought to this level by ongoing
funded efforts. LISSAN is appropriate for deployment on a multi-instrument ESA M-
class mission or as a smaller standalone mission. See [26] for one such multi-instrument
mission concept.
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The following abbreviations are used in this manuscript:

APC Laboratoire Astroparticule & Cosmologie
ASIC Application-specific integrated circuit
BEE (Detector unit) back-end electronics
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CCD Charge-coupled device

CME Coronal mass ejection

CMOS Complementary metal-oxide—semiconductor
CNES Centre National de la Recherche Scientifique
CPU Central processing unit

DPU Data processing unit

ESA European Space Agency

EUV Extreme ultraviolet

FEE (Detector unit) front-end electronics

Fermi- Fermi large-area telescope

LAT

FGS Fast Gamma-ray spectrometer

FOV Field of view

FPGA Field-programmable gate array

FWHM Full-width half-maximum
GAGG(CE) Gadolinium aluminium gallium garnet (Cerium)

HXR Hard X-rays (Z5keV)

IGCV Fraunhofer Institute for Casting, Composite and Processing Technology
Fraunhofer Institute for Manufacturing 294 Technology and Advanced

IFAM .
Materials

L1 Lagrange point 1

LEO Low Earth orbit

LESIA Laboratoire d’études spatiales et d’instrumentation en astrophysique

LISSAN Large Imaging Spectrometer for Solar Accelerated Nuclei

MRAM Magnetoresistive random-access memory

PEEK Polyether ether ketone

PROM Programmable read-only memory

PSF Point spread function

RHESSI Reuven Ramaty high-energy solar spectroscopic Imager

SEPs Solar energetic particles

SiPM Silicon photomultiplier

SMM/GRS Solar maximum mission/gamma-ray spectrometer

SRAM Static random-access memory

STIX Spectrometer/telescope for imaging X-rays

TRL Technology readiness level
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Abstract: Measuring the Sun’s magnetic field is a key component of monitoring solar activity and
forecasting space weather. The main goal of the research presented in this paper is to investigate
the possibility of reducing the dimensions and weight of a solar magnetograph while preserving its
optical quality. This article presents a range of different designs, along with their advantages and dis-
advantages, and an analysis of the optical performance of each. All proposed designs are based on the
magneto-optical filter (MOF) technique. As a result of the design study, a miniaturised solar magne-
tograph is proposed with an ultra-compact layout. The dimensions are 345 mm x 54 mm X 54 mm,
and the optical quality is almost at the diffraction limit. The design has an entrance focal ratio of
F/17.65, with a plate scale of 83.58 arcsec/mm at the telescope image focal plane, and produces
a magnification of 0.79. The field of view is 1920 arcsec in diameter, equivalent to +0.27 degrees,
sufficient to cover the entire solar disk.

Keywords: solar magnetograph; space weather; space sciences; solar instrumentation; miniaturised optics

1. Introduction

The Sun is a centrally important star. Its relatively close proximity means that it
can be spatially resolved, providing information that is vital for understanding not only
our Sun but stars in general [1]. The Sun is an active star, in that it emits a wind of
magnetised plasma that flows over and effects all Solar System objects and it sporadically
ejects vast clouds of magnetised plasma (known as coronal mass ejections), bursts of
electromagntic radiation (known as solar flares), and high-energy particles that affect
Solar System bodies. The variations that these forms of activity create in the near-Earth
space environment are collectively known as space weather [2]. Space weather can have
deleterious impacts on modern life through disruptions to electricity transmission, high-
frequency radio communication, and navigation systems.

To understand the physics of the Sun, and the origins of solar activity and space
weather, it is crucial to measure and monitor the solar magnetic field. So-called non-
potential magnetic fields harbour energy that powers the various forms of solar activity [3],
and certain magnetic field configurations form in the Sun’s atmosphere prior to the occur-
rence of flares and coronal mass ejections [4]. In addition, measurements of the magnetic
field in the photosphere are used as the boundary condition for space weather tools used
to model the solar wind conditions and the propagation of CMEs to the Earth, such as
WSA-ENLIL [5] or EUHFORIA [6].

To this end, space and ground-based instrumentation monitoring the Sun has, for
decades, included magnetographs that measure the polarisation state of the light of the Sun
to determine the magnetic field strength and direction. Most of these instruments exploit the
Zeeman effect in which a magnetic field induces both energy-level splitting and polarization
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of the emitted light. Magnetographs that use this technique make measurements centred
on a magnetically sensitive spectral line produced in the lower solar atmosphere. However,
the capability to determine the magnetic field in the solar corona via the Hanle effect is
growing (e.g., the Daniel K. Inouye Solar Telescope Visible Spectro-Polarimeter [7]).

Current designs for ground and space-based solar magnetographs utilising the Zee-
man effect make use of both filtergraph (e.g., the Helioseismic and Magnetic Imager
Telescope on the Solar Dynamics Observatory [8]) and spectrograph techniques (the Solar
Optical Telescope onboard Hinode [9]) to provide information on the magnetic field. The
former allows for relatively high-cadence full-disc magnetograms to be made but with
fewer measurements taken across the selected spectral line. The latter provides partial
field of view magnetograms that take longer to construct but which have significantly
increased spectral resolution and therefore provide higher precision. Space-based mag-
netographs have an additional design constraint in that they must operate within limited
mass, size, and power budgets. The Michelson Doppler Imager instrument onboard the
SOHO spacecraft has a total mass of 56 kg [10], the HMI instrument onboard the Solar
Dynamics Observatory has a mass of 73 kg, and the Polarimetric and Helioseismic Imager
instrument onboard Solar Orbiter has a mass of 35 kg [11]. With a view to the future,
smaller and more lightweight magnetographs can be more readily employed and offer the
practicality of inclusion on a wider range of missions. A truly compact and lightweight
magnetograph opens up the possibility of multiple flight opportunities, including in a
constellation that could provide near full-Sun coverage.

One solution to creating a small and lightweight magnetograph is to adapt a technique
that has been used in ground-based telescopes. That is, to utilise magneto-optical filters
(MOFs; [12]). MOFs contain an elemental vapour immersed in a strong magnetic field, and
so only photons close to the atomic resonance frequency pass through, thereby creating a
narrow band filter. For example, a potassium vapour filters all photons except those origi-
nating in the mid-photosphere, whilst a sodium vapour filters all except those originating
in the lower chromosphere. MOFs have a high throughput and wavelength stability and
reject the continuum light of the Sun, only allowing through light from the red and blue
wings of the Zeeman broadened/split selected spectral line, allowing only these photons
to be analysed. Ground-based telescopes having successfully implemented the MOF tech-
nology include, for example, MOTH at the Mees Solar Observatory in Hawaii, MOTH 1I,
located at the South Pole in Antarctica [13], and the Tor Vergata Synoptic Solar Telescope
(TSST) in La Palma, Spain [14,15]. Previous studies have demonstrated that the use of a
magneto-optical filter could lead to a space-based magnetograph design of reduced size
and mass (e.g., [16-18]). The study of [18] conceived a space-based magnetograph of mass
14 kg with dimensions 850 x 150 x 150 mm. In this paper, we build on the previous work
to make steps towards a conceptual design of a compact (800 mm x 200 mm x 200 mm)
lightweight (<15 kg) magnetograph. We search for an optimum optical configuration in
order to compress the size of the instrument whilst preserving instrument performance.

2. Magneto-Optical Filter Technique

A magneto-optical filter (MOF) is a narrow band filter that uses heated cells containing
a vapour, such as sodium, immersed in a static magnetic field of about 2 kGauss. The vapour
cells are typically a few centimetres in each dimension. For potassium, the temperature
should be greater than 373.15 K, typically 393.15 K. The temperature of a cell is kept to
£1 K and the cells are placed in vacuum chambers to prevent convection around them.
Overall, two vapour cells are needed (labelled as “MOF” and the wing selector, WS, in
Figure 1), along with a series of quarter and half-wave plates and two linear polarisers (P1
and P2), as shown in Figure 1. The axes of P1 and P2 are orthogonal to each other and so
act as crossed polarisers. The wavelength of the MOF is not sensitive to the incidence angle
of the light.
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Figure 1. Schematic of a magnetograph layout that employs magneto-optical filters. The first
magneto-optical filter in the optical path is labelled as the MOF and the second is labelled as the wing
selector (WS). Also included are quarter-wave plates (A/4) and half-wave plates (A/2) to enable the
passage of selected polarisation states. P1 and P2 are two linear polarisers whose axes are orthogonal
to each other (crossed polarisers). Based on Barajas, Garcia, and Vo (2011).

Light from the Sun enters the optics and is collimated. A quarter-wave plate (A/4) at
45 degrees turns circularly polarised light into linearly polarised. After the quarter-wave
plate, a half-wave plate (1/2) is used, whose orientation can be varied from 0 degrees to
45 degrees with respect to the axis of the linear polariser P1 (i.e., allows through linearly
polarised light). The strong longitudinal magnetic field that is applied to the elemental
vapour in the first MOF cell broadens/splits the spectral line and rotates the plane of
polarisation of the light (via Faraday rotation). After the MOF cell, a second polariser,
P2, is crossed with the input polariser so that ultimately only light of orthogonal linear
polarisation passes through. This part of the magnetograph is sometimes called the “pre-
filter” or the “filter selection MOF” (see, for example, [13]).

The wing selector converts the linearly polarised light into opposite circularly po-
larised light in the blue and red wings of the spectral line. Which wing is transmitted is
controlled by the orientation of the quarter-wave plate so that full solar disk images can be
made in the red and blue wings of the spectral line. A quarter-wave plate optically sepa-
rates the circular polarisations into orthogonal linear polarisations. After the quarter-wave
plate, the two orthogonal linear polarisations are separated using a polarising beam splitter,
sending each one to a different detector in this configuration. It would be possible to have
both on the same detector using a different polarising beam splitter.

The main factors found in existing solutions based on the MOF technique that pose
limits on the spatial dimensions are:

e The optical components required for the instrument.

¢ The characteristics of the light required at each component location (i.e., collimated
beam, polarisation state). This requires the use of optics, which enlarges the magneto-
graph layout.

¢ The cell dimensions, including its housing and electronics.

e The detectors, including electronics and cables.

Additional limitations come from the optimisation of the instrument performance.
Two cells are required, with different magnetic fields. The magnetic field of the second
cell (WS) shall be higher than that of the first cell. For both MOFs, the light needs to be
linearly polarised—ideally collimated beams and with intermediate pupil images within
each cell. For a better spectral response, collimated beams are also required for the half-
wave plates, quarter-wave plates, and linear polarisers. To achieve this, some optical
components are needed to generate the collimated beams and intermediate pupil images.
All these components contribute to the total weight and also enlarge the dimensions of
the instrument.
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3. Layouts to Reduce Mass and Volume

Here, we explore four ideas that aim to reduce both the volume and the mass of a
solar magnetograph, with a view on providing the basis of a design for a compact and
lightweight space-based instrument after having evaluated a range of options.

3.1. Option 1: Re-Imaging System before the Magneto-Optical Filter

A reduction in the size, and therefore mass, of the magneto-optical cells is possible if
the diameter of the light beam is reduced. This can be achieved using a re-imaging system
after the telescope image focal plane. This approach would also reduce the diameter of all
optical components and lead to a reduction in the size of the mechanical mounts and an
overall smaller mass and volume for the instrument. However, it would be necessary to
evaluate the focal lengths required to achieve good optical performance for the re-imaging
system. In order to minimise volume, the focal lengths would need to be as short as
possible. A disadvantage of this approach would be a reduction of throughput associated
with the addition of the optical surfaces for the re-imaging system. This would be >0.96. A
refractive solution (lenses) might be the most compact one if the focal lengths required are
not too large since the angles in a reflective solution would increase the dimensions of the
instrument in the direction perpendicular to that of the light propagation.

As shown in Figure 2, although the addition of the relay reduces the size of the beam
and thus the size of all optical components, this advantage is negated since the focal lengths
of the lenses required increase the total length of the magnetograph. For this reason, it was
not considered in the final miniaturised magnetograph layout (see Section 4.3).

e 2.:_1, 3_313_‘{ ________ Detector 2

Qwp HWP

Detector 1

splitter

Telescope focus Re-imaged focal plane,

half of the size

Figure 2. Optical design of a magnetograph using a 2:1 re-imaging system at the telescope focus. The
total dimensions are 522.02 mm x 62.99 mm.

3.2. Option 2: One Detector Instead of Two

In the layout of Figure 1, a polarising beam splitter separates the two orthogonal
linear polarisations so that each one could be observed on a different detector. However,
an alternative polarising beam splitter, such as a Wollaston prism, could be chosen to
accommodate both polarisations within the same detector. Using one detector instead of
two would reduce volume and mass.

A Wollaston prism separates light into two linearly polarised beams with orthogonal
polarisation. The beams will be polarised according to the optical axis of the two right-angle
prisms, which are cemented orthogonal prisms of birefringent material, such as calcite.
At the exit, two beams are obtained, associated with the ordinary and extraordinary rays.
These beams diverge due to the differences in the indexes of refraction. The angle of
divergence is a function of the prism’s wedge angle and the wavelength. In commercial
Wollaston prisms, this angle can vary from 1 degree to 45 degrees.

3.3. Option 3: One Magneto-Optical Filter in Double Pass

The MOF is a significant contributor to the mass and volume of the magnetograph.
For both cells, a collimated beam with incoming linear polarisation is required, ideally with
a pupil image inside the cells. To meet this, for both cells, some optical components are
required between them. Two cells are also needed, with the magnetic field of the second cell,
the Wing Selector (WS), higher than the magnetic field of the first cell because its Zeeman
component must be superimposed to the transmission peaks of the Macaluso—Corbino
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effect. The alternative here proposed is to have only one MOF with the magnetic field
required for the WS and use it in double pass, as shown in Figure 3.

This would reduce volume and mass since only one cell would be needed and the
optical components to generate a pupil image in a collimated beam with linear polari-
sation would not need to be duplicated, with the space reduction associated with the
separation between these components. The size required for the cell in this layout is
64 mm side by 30 mm thickness. The dimensions for the layout with the two detectors
is 397 mm x 125.5 mm. The points to be evaluated in this option are the effect of having
illumination in both directions for a defined direction of the magnetic field. In one pass,
the beam would be in favour of this direction, and in the double pass in opposite direction.
Would it be possible to set the system so that the second pass is the one in the direction
of the magnetic field for the Macaluso—Corbino effect since it is required to have a higher
magnetic field for the WS? Two flat mirrors orthogonal to each other and thus not modi-
fying the polarisation state would be used to revert the beam path back to the MOF for a
second pass.

The gap between the mirrors separates the input and output axes, which are parallel.
The MOF shall be large enough to accept this separation between the input and output
beams without vignetting. This idea could be combined with the previous ones using a
reimaging system to reduce the beam size, for example, to a half, and thus be able to have
the beams associated with the two directions inside the original cell size.

ACT508-250-B

Custom lens
ACT508-300-B

Flat mirror

Detector 1

Flat mirror

Custom IerLs

ACT508-300-B
ACT508-250-B

Detector 2

Figure 3. Compact magnetograph layout with one cell used in double pass and two detectors to
measure the two polarisation components. The colours represent different fields.

3.4. Option 4: Application of Slicers for Magnetographs

Image slicers are typically used to slice a field of view. This application is discarded for
magnetographs since an image of the full disk is required. However, slicers can be used at
different locations and with different functionalities, for example a pupil slicer or a slicer at
the image focal plane to arrange the image distribution. A pupil slicer (see Figure 4) would
produce two beams with the same field of view. By adding a pupil slicer, each arm would
correspond to a polarisation state (Figure 5), in which this separation would be performed
before the detector, thus controlling the output direction towards the detector and adding
flexibility in the layout. If this were combined with the previous ideas, using a re-imaging
system after the telescope focus, the beam size would already be reduced. Thereby, a pupil
slicer would produce two beams that could fit within the MOFs (with their original size)
and also within one detector. A lateral beam displacement beam splitter could be used as a
pupil slicer producing the two parallel beams.
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Figure 4. Sketch for a compact magnetograph using a pupil slicer generating two output parallel
beams, two cells, and only one detector.
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Figure 5. Magnetograph layout using a pupil slicer. The colours represent different fields.

4. Design of a Miniaturised Solar Magnetograph
4.1. Specifications

The specifications, shown in Table 1, are drawn from the HMI instrument’s vector tele-
scope on board the Solar Dynamics Observatory and correspond to a solar magnetograph
for operational space weather forecasting and space science investigations. The mass of
existing solar space magnetographs ranges between 73 and 35 kg. The goal of this research
was to reduce the mass to the minimum possible, with a target of 20 kg for the optics. The
goal dimensions for the magnetograph are 800 mm x 200 mm x 200 mm.

Table 1. Specifications for a miniaturised solar magnetograph for space applications.

Specifications
Field of view 1920 arcsec diameter at 1 AU
Telescope diameter 140 mm
Telescope effective focal length 2468 mm
Telescope F/D F/17.65
Plate scale at the telescope focus 83.58 arcsec/mm
Wavelength 589 nm (Na D line)
Goal dimensions for the magnetograph 800 mm x 200 mm x 200 mm

4.2. Optical Design Options

In order to evaluate the optical performance of the magnetograph, without any ad-
ditional aberration that would be introduced by the telescope, a paraxial lens has been
used to generate a beam and telescope focal plane based on the specifications of Table 1.
The first optical design (Figure 6) was a 1:1 telecentric system, using 100 mm focal length
lenses for collimator and cameras, which allows enough space for the waveplates (QWP
and HWP) and polarisers (P1, P2). An intermediate pupil image was reimagined in the
middle of each MOF cell (MOF and WS). This enlarges the instrument size, since another
pupil image is required for the second cell (WS). A layout based on this idea generates
two intermediate pupil images and an intermediate focus. The space from the first camera
lens to the second collimator lens is unused. The length of this first design was 832 mm,
slightly larger than the specification. Alternative solutions were investigated to reduce the
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total length using real lenses, such as the layout of Figure 7, whose length is reduced to
634 mm x 61.5 mm height and provides a pupil image inside each cell. In order to measure
the two polarisation components simultaneously, a polarising beam splitter and a second
detector were added, as shown in Figure 8, with an increase in the length of the instrument,
which is now 650 mm. Most of the optical components for this design are commercial
in order to demonstrate feasibility. For space applications, it will be necessary to select
space-qualified optical materials.
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Figure 6. Design of a paraxial 1:1 telecentric magnetograph providing a pupil image for each cell
and an intermediate focus. The layout on the top includes a paraxial telescope to produce a beam
with the specifications defined in Table 1. The layout in the middle includes all fields, and that at the
bottom only the on-axis field. The colours represent different fields.
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Figure 7. Magnetograph design with a pupil image inside each cell and an intermediate focus

available. The total length is 634 mm. The colours represent different fields.
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Producing only one intermediate pupil, where one of the cells could be centred at and
having the second cell nearby or, alternatively, placing both cells close to that pupil, the num-
ber of lenses required will be reduced, optimising the efficiency. An example is illustrated
in Figure 9 using only one detector to show the concept and in Figure 10 with two detectors
to measure the two orthogonal linearly polarised states of the light simultaneously.
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Figure 9. Optical design of a magnetograph with one intermediate pupil located within the wing
selector (WS) cell, near the MOF. The colours represent different fields.
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Figure 10. Optical design of a magnetograph with one intermediate pupil located within the wing
selector (WS) cell, near the MOF, and using two detectors to measure the two orthogonal linearly
polarised states of the light simultaneously. The colours represent different fields.

4.3. Final Design and Optical Quality

The studied layout alternatives investigated the feasibility of proposing a magneto-
graph within the specified envelope (800 mm x 200 mm x 200 mm). Further optimisations
led to the final design proposed, reducing the length of the instrument and improving its
optical performance.
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Our first proposal, shown in Figure 11, is an ultra-compact layout within
378 mm x 70 mm X 70 mm. These dimensions are defined for the optics, without in-
cluding detector sizes and mechanical mounts.

This design has an entrance focal ratio of F/17.65, with a plate scale of 83.58 arcsec/mm
at the telescope image focal plane and an instrument final focal ratio of F/18.45, thus
producing a magnification of 1.04. The field of view is 1920 arcsec in diameter, equivalent
to +0.27 degrees, thus meeting all specifications of Table 1.

The optical components are specified in Figure 12. A custom lens with radii 42.33 mm
and 33.58 mm is placed at 8 mm from the focus. Thirty millimetres away, two achromatic
doublets from THORLABS are used. The first one, with a focal length of 180 mm, is
AC508-180-A-ML and the second one, separated by 10 mm, has a focal length of 100 mm
and is AC508-100-A-ML. The quarter and half-wave plates are from Edmund Optics. Six
millimetres from the half-wave plate, a linear polariser, P1, is used. Both linear polarisers,
P1 and P2, are from THORLABS. The size of the cells (MOF, WS) represented in this layout
is 20 mm side by 30 mm length. An intermediate pupil image is produced within the first
cell (MOF). The two achromatic lenses after the second HWP are from THORLABS, the
first one, AC508-100-A-ML, with a focal length of 100 mm and an achromatic doublet,
AC508-180-A-ML, with a focal length of 180 mm. The combination of these lenses enables a
compact layout. Before the polarising beam splitter, a custom lens, with radii 44.41 mm and
55.37 mm, compensates for aberrations. The polarising beam-splitter cube, with 50.8 mm
side, is from THORLABS. The use of mainly commercial optical components was decided
in order to build the proposed miniaturised magnetograph and test its performance in
the lab.

The proposed solution is very compact, below the specifications for dimensions, and
presents a great optical quality almost at the diffraction limit, which is a challenge when
considering wide fields of view, short focal lengths, and commercial optical components.
The main characteristics are presented in Table 2. Although the proposed design is compact
and lightweight, it is not expected to require high-accuracy tolerances. The input and
output beams are slow, enabling a depth of focus within which the optical quality is still
acceptable. This relaxes tolerances in positioning and angles of incidence. Alignment is
more critical in previously considered layouts that share some components, such as the
detector or the cell, in order to avoid beam overlapping. No critical aspects have been
identified in the proposed layout, however, a detailed tolerance analysis will be performed
in later phases, including sensitivity analysis.

Detector 2
e Hwp ]|
P2
Polarising ~—
MOF Wws Beam- —— Detector 1
splitter —
P1

HWP awp

Figure 11. Optical design of a miniaturised solar magnetograph with dimensions 378 mm x 70 mm.
The colours represent different fields.

The size of the image on the detector has a diameter of 24.17 mm. If a detector such as
that of MDI/SOHO is considered, this would have 1024 x 1024 square pixels of 21 pum side,
which leads to a linear size of 21.50 mm x 21.50 mm. The image size can be accommodated
to the detector size by modifying the last commercial lens, AC508-180-A-ML to AC508-
100-A-ML, which has a shorter focal length. This also produces a more compact layout
(see Figure 13), with dimensions 345 mm x 53.9 mm, and the image size has a diameter
of 18.43 mm (see Figure 14). Despite being very compact, this layout offers an excellent
optical quality, equivalent to that of Figure 15.

81



Aerospace 2023, 10, 1028

) - - -
2 = z =2
< < < < ™~
- & & S & w
“ ] =} =1 @ §
g = = = o3
E § § a a a o § § E Detector 2
S 4] 4] = 2 B o g %
4 P-4 =4 g = T O P4 < 3
=
o E o M
e
= Detector 1
MOF Ws
Figure 12. Optical components for the design of a miniaturised solar magnetograph.
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Figure 13. Compact magnetograph design with dimensions 345 mm x 53.9 mm. The colours represent
different fields.
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Figure 14. Beam footprint at the detector position showing that with the new design, the image is

contained within the detector dimensions.
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Figure 15. Optical quality obtained at detector 1 (column on the left) and detector 2 (column on the
right). For each detector, five field points were defined. The one on the top corresponds to the on-axis
field (0,0) and the rest are associated with the values in the legend on the top right, which are defined
in degrees. The circle is the Airy disc showing the diffraction limit, within which most of the rays
are contained.

A summary of the main investigated optical designs is presented in Table 3, all of
them meeting the specifications of Table 1.

Table 2. Characteristics of the proposed layout.

Characteristics of the Proposed Layout

Dimensions 345 mm x 54 mm x 54 mm
Optical quality almost diffraction limited
Magnetograph magnification 0.79
Image size 18.43 mm diameter
arcsec/pixel 2.187
Number of intermediate pupils one

Table 3. Summary of the main investigated layouts.

Description Length Layout

1:1 telecentric, two pupils, one per cell 634 mm Figure 8
Only one intermediate pupil, 24.17 mm image diameter 378 mm Figure 12
One pupil, 18.43 mm image diameter 345 mm Figure 13

5. Conclusions

The main goal of this research was to investigate the feasibility of more compact
and lightweight solar magnetographs for space applications. Several novel ideas were
evaluated to reduce dimensions. The conclusion of this study is that it is possible to design a
miniaturised solar magnetograph with diffraction-limited optical quality contained within
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an envelope of 345 mm x 54 mm x 54 mm. The weight of the optics has been significantly
reduced with respect to existing solutions. This design has an entrance focal ratio of
F/17.65, with a plate scale of 83.58 arcsec/mm at the telescope image focal plane, and it
produces a magnification of 0.79. The field of view is 1920 arcsec in diameter, equivalent
to £0.27 degrees. For a low-earth satellite in a near-equatorial orbit, the doppler shift at
the sodium D line would be up to 0.015 nm. Given that the MOF filter is not tuneable in
wavelength, this would imply a significant orbital change in sensitivity. However, this can
be overcome by selecting an orbit at L1 (e.g., SoHO), L2, L4, or L5. Most of the optical
components considered for this layout are commercial and, although these are not space
qualified, they have been selected in order to prove the concept. This research will continue
building the proposed magnetograph and measuring its performance in the lab to complete
the feasibility study of miniaturised solar magnetographs and enable this technology for
future space missions.
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Abstract: Particle acceleration is a fundamental process arising in many astrophysical objects, includ-
ing active galactic nuclei, black holes, neutron stars, gamma-ray bursts, accretion disks, solar and
stellar coronae, and planetary magnetospheres. Its ubiquity means energetic particles permeate the
Universe and influence the conditions for the emergence and continuation of life. In our solar system,
the Sun is the most energetic particle accelerator, and its proximity makes it a unique laboratory in
which to explore astrophysical particle acceleration. However, despite its importance, the physics
underlying solar particle acceleration remain poorly understood. The SPARK mission will reveal new
discoveries about particle acceleration through a uniquely powerful and complete combination of
y-ray, X-ray, and EUV imaging and spectroscopy at high spectral, spatial, and temporal resolutions.
SPARK’s instruments will provide a step change in observational capability, enabling fundamental
breakthroughs in our understanding of solar particle acceleration and the phenomena associated
with it, such as the evolution of solar eruptive events. By providing essential diagnostics of the
processes that drive the onset and evolution of solar flares and coronal mass ejections, SPARK will
elucidate the underlying physics of space weather events that can damage satellites and power grids,
disrupt telecommunications and GPS navigation, and endanger astronauts in space. The prediction
of such events and the mitigation of their potential impacts are crucial in protecting our terrestrial
and space-based infrastructure.

Keywords: particle acceleration; magnetic reconnection; instrumentation; corona; coronal mass
ejections (CMEs); flares; extreme ultraviolet; X-rays; gamma rays

1. Scientific Objectives

The SPARK mission concept aims to investigate solar particle acceleration and the mag-
netic energy release that powers it by observing solar eruptive events, the most energetic
and geo-effective drivers of space weather.

In the standard model of solar eruptive events (Figure 1; see also [1]), highly stressed
magnetic fields reconnect in the low corona, thereby impulsively releasing vast amounts of
energy. Depending on the magnetic configuration, plasma, magnetic field, and accelerated
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particles may escape into the heliosphere as coronal mass ejections (CMEs), “jets”, or solar
energetic particles (SEPs), which directly contribute to space weather. Accelerated particles
also spiral downward around magnetic field lines (“loops”) towards the chromospheric
“footpoints”, depositing their energy as they propagate. This heats and ionises the plasma
in the chromosphere, transition region (TR), and lower corona, producing the intense
broadband radiation known as a solar flare. The rapid heating creates a high-pressure
region that ablates material back up along the loops in a process known as chromospheric
“evaporation”, which causes the loops to radiate in extreme ultraviolet (EUV) and soft
X-rays. Additionally, plasma in and above the loops can be directly heated by the energy
release and/or acceleration process.

Hot flare

Loop
footpoints

O———

ribbons

Figure 1. SPARK captures all elements of a solar eruptive event (the combination of a flare and a CME)
identified in this cartoon. FOXSI images the HXR signatures of accelerated electrons and hot plasma
at all locations. LISSAN captures the y-ray signatures of accelerated ions and the most energetic
electrons, and SISA reveals the lower atmospheric response and EUV structure in the corona. Figure
courtesy of the FIERCE proposal team and the FOXSI SMEX proposal team.

The particles in solar eruptive events can be divided into three populations: hot
plasmas, accelerated electrons, and accelerated ions. One of the most useful diagnostics for
characterising thermalised and accelerated electrons is the X-ray bremsstrahlung emission
they produce as they scatter in the ambient medium. The bremsstrahlung spectrum reflects
the velocity distribution of the particles that produced it and can be inverted to reconstruct
the spectrum of the emitting electrons [2,3]. This means hot plasma and accelerated
electrons can be distinguished by their Maxwellian (thermal) and power-law (non-thermal)
shaped spectra, e.g., [4—6]. Thermal emission tends to dominate in the soft X-ray (SXR;
typically below 20 keV) regime, while non-thermal emission tends to dominate in the hard
X-ray (HXR; typically higher than 20 keV) regime. X-rays can provide straightforward
measurements of the numbers and energies of accelerated electrons not available from
other wavelengths or requiring non-trivial assumptions when observed in microwaves.
Hence, X-rays can provide a deeper understanding of the underlying acceleration process.
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Accelerated ions are even less well understood than electrons due to the difficul-
ties encountered in observing their y-ray emission. Accelerated ions in the range of
1-100 MeV /nucleon can be detected via various y-ray lines in the range of 1-10 MeV due
to nuclear de-excitation, neutron capture, and positron annihilation [7-14]. Accelerated
ions with energies greater than 100 MeV /nucleon can be detected via the decay of sec-
ondary pions via nuclear reactions with the ambient medium. As the pions decay, the
decay products produce a broadband continuum at photon energies above 10 MeV, with a
broad peak around 70 MeV from neutral pion radiation [15,16].

Although the principal points of the standard model are established, many questions
remain regarding the fundamental processes of particle acceleration, impulsive energy
release, and energy transport. However, the key scientific measurements required to
answer these questions have not been possible with previous instruments. Solar y-ray
line emission has been imaged in one flare [17] and only localised through centroids in an
additional four [14]. Consequently, the spatiotemporal evolution of accelerated ions has
never been revealed. The role of ion acceleration in solar eruptive events therefore remains
largely unknown, despite evidence that ions accelerated in flares may carry an energy
comparable to that of accelerated electrons, e.g., [18-20]. Previous HXR spectroscopic
imaging observations (e.g., RHESSI [21] and Solar Orbiter/STIX [22]) have not provided
sufficient sensitivity to reliably observe accelerated electrons and direct plasma heating in
the corona, where the acceleration is believed to take place. This is because the intensity of
bremsstrahlung depends on the ambient density, which is typically very low in the corona,
preventing observational tests of different acceleration models. Additionally, previous
instruments have not provided a sufficient dynamic range (>100) to simultaneously observe
the emission from the corona and the chromosphere, where the density (and, hence,
emission), is much greater. This has limited our understanding of how transport effects
alter the distribution of accelerated particles. Moreover, past and current X-ray images
like RHESSI and STIX are limited by the use of an indirect Fourier imaging technique,
which causes source areas and shapes to be only approximate. Additionally, imaging on
second and subsecond time scales relevant to particle acceleration has not yet been achieved.
Finally, current EUV imaging spectrographs (e.g., Hinode/EIS [23] and Solar Orbiter /SPICE
[24]) have provided intriguing images of the complex structures associated with solar
eruptive events, but they have not been optimised for solar eruptive events. Their typical
single-slit design and operational priorities have led EUV spectra to rarely be available
on the right timescales, at the right times, and in the right locations to compare with
X-ray and y-ray observations. The Solar-C Extreme-UV High-throughput Solar Telescope
(EUVST; [25]) and the Multi-Slit Solar Explorer (MUSE; [26-28]) are highly complementary
upcoming EUV missions that will be transformative for flare science [28]. MUSE will
provide high-cadence active region-scale imaging spectroscopy, sampling select key EUV
lines by rastering its 35 slits. EUVST, with its single slit, will provide much broader
temperature coverage, with rich plasma diagnostics from a large number of lines. Both
instruments are scheduled to launch within one year of each other and promise cospatial
observations of plasma in the solar atmosphere. An instrument that would build upon
their science legacy—one that co-observes with X-ray and g-ray instruments—should be
the aim of a next-generation flare mission, that is, an instrument that combines rich plasma
diagnostics with very high-cadence 2D spectral imaging.

SPARK will overcome all these challenges with its unique combination of high-
sensitivity, fast spectroscopic imaging in y-ray, X-ray, and EUV, optimised for solar eruptive
events. It will address four specific fundamental science questions:

1.  How does impulsive energy release accelerate particles in the solar atmosphere?

2. How is impulsively released energy transported and dissipated in the solar atmosphere?
3. What are the physical low-corona origins of space weather events?

4. How is the corona above active regions heated?
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By addressing these questions, SPARK will elucidate fundamental physical processes
that are ubiquitous throughout our Universe and drive space weather events that have
direct consequences for our technologies and way of life.

1.1. How Does Impulsive Energy Release Accelerate Particles in the Solar Atmosphere?

Accelerated charged particles constitute a significant fraction (up to tens of percent)
of the magnetic energy released in the most energetic space weather events, e.g., [19,29].
Observationally distinguishing between acceleration models requires the number, loca-
tion, and evolution of multiple faint thermal and non-thermal sources near the coronal
acceleration region to be characterized in the presence of much more intense chromo-
spheric footpoint emission. SPARK’s unique combination of high dynamic range and
high-sensitivity imaging spectroscopy in the y-ray, X-ray, and EUV regimes at timescales
relevant to the underlying physical processes will make this possible for the first time.

1.1.1. Where and When Do Particle Acceleration and Local Plasma Heating Occur?

The two most likely models to explain the high acceleration efficiency of electrons
are the Fermi acceleration process through the evolution and merging of “magnetic is-
lands” [30,31] created by the reconnection, as well as a second-order Fermi acceleration
process in the turbulent plasma of the reconnection outflow jets with or without termina-
tion shocks [32-35]. The magnetic-island model predicts that both electron acceleration
and direct plasma heating occur near the reconnection site(s) in the current sheet and that
direct plasma heating precedes electron acceleration [30]. Conversely, the stochastic model
predicts that acceleration and direct heating occur simultaneously but significantly sepa-
rated from the reconnection site in both upward and downward outflow jets (see Figure 2).
Concerning ion acceleration, a detailed study of individual large events showed differences
between ion and electron time evolution during the course of a flare [36]. The one flare
imaged in the y-ray line with RHESSI and the four for which emission centroid locations
were calculated showed significant displacements between HXR and y-ray line sources, in-
dicating spatial displacements between electron and ion energy release sites [14,17]. SPARK
will reveal, for the first time, where electron acceleration and direct heating occur with
respect to the reconnection site, as well as under what scenarios the different acceleration
models dominate, and reveal the relationship between electron and ion acceleration. This
will be achieved with subsecond X-ray spectral imaging with sufficient spatial resolution to
separate the various sources. SPARK will compare y-ray and X-ray signatures of energetic
electrons and ions in combination with the EUV non-Gaussian line profiles that are a
signature of non-Maxwellian ion velocity distributions. Using increased X-ray sensitivity
and dynamic range, SPARK will characterize the spectrum of the accelerated electrons
in the corona, even in the presence of much brighter chromospheric emission. SPARK
will provide complementary measurements of the coronal magnetic field from Fe X lines
emitted around 1 MK. In addition, it will chart the plasma response to heating via the
hot Fe XXIII and Fe XXIV (15-20 MK) spectral lines and determine the relative plasma
abundances to differentiate between coronal and ablated chromospheric plasma.

1.1.2. What Are the Efficiency and Energy Content of Electron and Ion Acceleration?

The fraction of particles accelerated out of the ambient Maxwellian velocity distri-
bution and the total energy they contain are essential constraints on acceleration models.
Acceleration by magnetic islands [30] and super-Dreicer electric fields in a reconnecting cur-
rent sheet [37] can accelerate a large fraction of the available electrons, while mechanisms
relying on large-scale sub-Dreicer electric fields cannot [38]. SPARK will determine the
number and energy of accelerated particles with an accuracy not previously possible. With
a significantly enhanced X-ray dynamic range, SPARK will measure the non-thermal spec-
tra of coronal and footpoint sources down to lower energies whilst constraining the relative
number of accelerated particles of different ion species (e.g., alpha/proton ratio [36]).
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Figure 2. SPARK will distinguish between different models of flare particle acceleration. In these 2D
flare cartoons, the locations and chronological order of various X-ray- and EUV-producing processes
differ between the two most likely models of electron acceleration in eruptive flares: magnetic island-
merging acceleration (left) and stochastic (second-order Fermi) acceleration (right). Simulated FOXSI
detector response images of non-thermal electrons (blue) and thermal plasma (orange) are shown as
insets. Figure courtesy of the FIERCE proposal team.

1.1.3. How Do Electron and Ion Acceleration and Transport Differ in the Flaring Atmosphere?

Theoretical studies show that differences between the acceleration and transport of
electrons and ions can be used as a unique diagnostic tool for the processes in the magnetic
reconnection region, as well as the geometry of the magnetic field in and around it. The lack
of spatially resolved v-ray observations of accelerated ions is therefore a significant obstacle
to constructing a comprehensive solar flare model. With significantly upgraded spatial
resolution in the y-ray regime, SPARK will enable major advances in our understanding of
how ions are accelerated and transported in flares and how their dynamics differ from the
dynamics of energetic electrons and in using energetic ions as an important diagnostic tool
for non-thermal plasma in the flaring corona.

1.1.4. Where and How Are the Most Energetic Particles Accelerated at the Sun?

Studies of small numbers of events examining y-ray lines (1-10 MeV) and the pion
continuum (>10 MeV) suggest that the accelerated ion spectrum is not a simple power
law extending from non-relativistic (1-100 MeV /nucleon) to relativistic (>few hundred
MeV /nucleon) regimes, e.g., [39-43]. This raises the question of whether the most energetic
particles are accelerated via a different mechanism to those at lower energies. The longevity
of some pion emission presents another major challenge to our understanding of how
the most energetic solar particles are accelerated, e.g., [44,45]. The high-sensitivity HXR
and y-ray spectroscopy of SPARK will facilitate a comprehensive study of the timing and
spectra of electron bremsstrahlung and pion decay radiation in a significant number of
events for the first time. Such observations are essential to unravel the relative roles of
flare and interplanetary processes in the acceleration of high-energy ions, especially in
long-duration events.
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1.2. How Is Impulsively Released Energy Transported and Dissipated in the Solar Atmosphere?

SPARK will probe energy-transport processes that link impulsively released magnetic
energy to the resultant emission from the lower atmosphere, where the bulk of the flare
energy is radiated. This will be done in two ways: by measuring hitherto poorly con-
strained observational inputs to the latest state-of-the-art numerical models of solar flares,
e.g., [46-63] and by providing previously unachievable observations against which the
model predictions will be critically interrogated. Such model inputs provided by SPARK
include the non-thermal electron and ion energy distributions injected towards the lower
solar atmosphere, the ribbon/footpoint source areas, and the preflare atmospheric state
(e.g., coronal temperature, density, loop length, and coronal magnetic field).

1.2.1. How and Where Do Accelerated Particles Lose Their Energy in the Corona
and Chromosphere?

As flare-accelerated particles exit the coronal acceleration region and propagate along
loops, they lose energy through Coulomb collisions with ambient particles, wave—particle
interactions, and the generation of return currents [4]. The evolution of the particle dis-
tribution as the particles propagate along flare loops depends on (and thus reveals) the
relative importance of these mechanisms. The statistically significant separation between
HXR and y-ray line sources in the single resolved RHESSI v-ray flare image and two of the
four RHESSI centroid-localised y-ray line flares [14,64] may be due to differing acceleration
mechanisms. But it may also be due to different transport effects acting on the ions and
electrons. We have sparse observations from EUV imaging spectrometers of the kernels of
chromospheric evaporation, showing large non-thermal broadenings and upflows in the
hotter lines during the impulsive phase (see, e.g., [65-67]), but a clear picture is missing.
SPARK will simultaneously observe electrons throughout the flaring structure, image ion
emission, and observe the spectral line response of flaring plasma at multiple temperatures.
Combining X-rays and EUV imaging spectroscopy, SPARK will facilitate accurate deter-
mination of the low-energy part of the electron spectrum, as well as quantifying return
current losses. SPARK will, for the first time, constrain accelerated ions transported to
the chromosphere using yrays and the hottest EUV flare lines, like Fe XXIV. Moreover,
the combination of X-rays and the multitemperature response of spectral lines will also
provide constraints on turbulence present in the solar atmosphere [68].

1.2.2. What Are the Origins of Modulations in Solar Flare Emission?

A key observational feature in flare-associated X-ray emission is the presence of pro-
nounced pulsations and fast-time variations. These modulations, which also appear in
many stellar flares, have been observed in thermal and non-thermal emissions across all
wavelength regimes, from radio to gamma rays, with characteristic time scales ranging
from 0.5 to tens of seconds, e.g., [69-71]. Often, these modulations appear as regular or
non-stationary oscillatory patterns, known as “quasi-periodic pulsations”, e.g., [72,73].
However, despite extensive research, the origins of these short-timescale modulations
in flare emissions remain debated. While some studies suggest they may be a direct
signature of a repetitive impulsive energy-release process, the potential role of magnetohy-
drodynamic (MHD) oscillations in the flaring site or nearby, particularly in the context of
longer-period pulsations, has yet to be fully determined. Similarly, a combination of these
processes could be at play (see [71] for an overview of proposed mechanisms). Moreover, it
is quite likely that different classes of flaring pulsations (i.e., different periods, patterns, or
energies) are produced by different mechanisms. X-ray dynamic-range limitations have
not yet allowed us to identify time-varying signatures from different parts of the loop,
including the loop-top source. EUV imaging observations have also hindered our ability to
locate the modulating emission source due to both cadence constraints and pixel saturation
and bleeding during flare events. SPARK enables, for the first time, a full examination of
the temporal, spatial, and spectral properties of these pulsations and their relationships
across wavelengths, which are essential to determine the origins of the emission modula-
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tion. SPARK will allow us to identify the pulsations in both the thermal and non-thermal
regimes in all parts of the flaring loop. Moreover, SPARK will identify whether accelerated
protons have similarly associated time variability.

1.2.3. What Is the Importance of Accelerated Particles in Transporting Energy Compared
with That of Other Mechanisms?

High-frequency Alfvén waves have been proposed as a means of transporting en-
ergy from a flare’s magnetic reconnection site to the lower atmosphere and heating it,
e.g., [74-76]. In recent years, modelling has shown that this is possible [52,60,61]. However,
while Alfvén waves are undoubtedly produced during the large-scale reconfiguration
of the magnetic field during flares, it is not yet known whether they play a significant
role relative to accelerated particles in transporting flare energy and heating flare plasma
nor whether other kinds of MHD waves, such as kink and sausage modes, contribute
significantly. SPARK will, for the first time, reveal the importance of MHD waves relative to
accelerated particles in transporting and dissipating energy in solar eruptive events. SPARK
will examine the coronal magnetic field strength and the broadening of certain spectral lines
from ions in the EUV passbands formed at different temperatures (see Section 2.3. SPARK
will therefore constrain the Poynting flux as the waves propagate and dissipate their energy
(see discussions in, e.g., [28]). SPARK will use variations of the chemical composition and
elemental abundances to assess the role of MHD waves in transferring energy from the
corona into flare kernels (cf. [77] and references therein).

1.3. What Are the Physical Low-Corona Origins of Space Weather Events?

An ESA-funded study estimated that the economic cost of a severe space weather
event could be as high as EUR 15 billion (https://esamultimedia.esa.int/docs/business_
with_esa/Space_Weather_Cost_Benefit_Analysis_ESA_2016.pdf, accessed on 30 October
2023). This led to the establishment of national forecasting centres across Europe and
space weather as a major theme in the ESA’s Space Safety programme. Despite this, many
questions remain regarding the origins of space weather in the low corona, which act as an
impediment to the development of timely and reliable space weather forecasts. SPARK will
greatly improve our understanding of the underlying physical processes that drive these
events in the low corona and inform the development of future space weather models that
aim to deliver timely and accurate forecasts of flares, energetic particles, and eruptions.
Knowing about the acceleration process will feed into our understanding of how active
regions reach a state whereby a flare or CME is generated. Understanding of the flare
initiation process will enable an improved view of the likelihood of a flare occurring in a
location that is well placed to impact Earth.

1.3.1. What Are the Energy Content and Spectrum of Sun-Escaping Electrons?

Sun-escaping electrons, components of SEP space weather events, have long been
studied in situ at 1 AU [78] and, more recently, closer to the Sun, e.g., [79,80]. However,
such observations alone cannot be used to characterise how the electrons are accelerated
because the electron distribution is modified by transport effects between the Sun and the
observatory. SEP electrons can be observed remotely at the Sun as type III radio bursts
(e.g., [81,82]). However, while bulk electron speeds can be inferred from the radio observa-
tions, unlike X-rays, they cannot be directly inverted to retrieve the number or energies
of accelerated electrons. Therefore, the spectra and acceleration mechanism(s) of solar
radio-emitting electrons remain unknown. How these accelerated electrons escape from
the flare site is similarly unknown. CMEs and jets offer clear open magnetic paths for
particles to escape, but confined flares do not, although interchange reconnection can pay
a role [83]. Ground-based observations above 10 MHz can be used to image type Ills [84]
but may suffer from intrinsically limited spatial resolution, especially at low frequencies,
on account of the radio waves scattering off density inhomogeneities between the source
and observer [85,86]. SPARK will provide hitherto unachievable imaging and spectral
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observations of accelerated electrons as they escape the Sun [87], facilitated by unprece-
dented sensitivity and imaging dynamic range in the HXR regime. Such measurements will
elucidate the origins of escaping electrons and how they are modified as they propagate
towards Earth. SPARK will also test theories of the origins of the slow solar wind by
detecting the locations in active region peripheries where particles are accelerated and
escape via HXR emissions and upward flows detected in EUV-emitting plasma.

1.3.2. What Are the Dominant Initiation Mechanisms of Solar Eruptions?

Many models of the initiation of solar eruptive events involve magnetic reconnection,
which results in plasma heating [88,89] and particle acceleration [90]. However, different
models of CME initiation predict observationally differentiable locations of the erupting
flux rope in relation to where the reconnection starts and, consequently, for the associated
X-ray and EUV emissions. The internal tether-cutting model [91,92] predicts that recon-
nection occurs below the flux rope before the fast takeoff of the eruption. The breakout
model [93] predicts that the reconnection occurs above the flux rope before fast takeoff,
and the ideal MHD instability model [94] predicts that the flux rope begins to rise before
reconnection occurs in either place. It is unclear if the same mechanisms driving the large-
scale CMEs are also at play in these smaller events. Some models of jets involve breakout
reconnection, e.g., [95], similar to the breakout model for CMEs, while others involve
interchange magnetic reconnection [96-98]. SPARK will produce observations of the faint
X-ray and EUV emissions linked to particle acceleration and plasma heating during the
formation and initiation of solar eruptions for the first time. This will enable discrimination
between the many physical processes proposed for the creation of the conditions necessary
for an eruption. SPARK will also provide measurements of the plasma dynamics and
of the magnetic field of the active region and filament before and during the eruption.
Hence, SPARK will provide constraints on the configuration and evolution of the magnetic
structure leading to solar eruptions.

1.4. How Is the Corona Above Active Regions Heated?

A long-standing enigma in solar and stellar physics is how a star’s atmosphere can
be orders of magnitude hotter than its surface. This temperature difference requires some
form of non-radiative heating, but whether the dominant mechanism is the dissipation
of Alfvén waves or impulsive heating by nanoflares has not been established [99-103].
SPARK will enable breakthroughs with respect to this fundamental problem using two
approaches. First, SPARK will determine if the characteristics of energy release in the
smallest detectable events are fundamentally different from those in larger flares. Secondly,
SPARK will statistically determine ensemble properties of heating events too small to be
detected individually.

1.4.1. Is Particle Acceleration Ubiquitous among Energy-Release Events at All Size Scales?

The number of flares as a function of their thermal energy follows a power law over
several orders of magnitude [104]. This suggests that the underlying energy-release process
scales similarly. If nanoflares are part of this distribution, they, too, would be expected to ac-
celerate electrons. Indirect evidence from UV transients suggests that accelerated electrons
are indeed present [105,106]. RHESSI and STIX observations have shown that in microflares,
the X-ray spectral index is steeper than in larger flares [107-113], suggesting that they are
less efficient at accelerating electrons. This was confirmed in a few observations of fainter
microflares with NuSTAR during its limited solar campaigns [114-117]. Additional sup-
port comes from studies of the thermal-non-thermal energy partition (cf. [118]), which
shows that in weaker flares there may not be a sufficient amount of energetic electrons
to heat the thermal plasma. SPARK will determine how the energy-release process scales
across eight orders of magnitude in energy, from the largest flaresb (~103 ergs) down
to flares at 10?° ergs (2 orders of magnitude smaller than those observed by RHESSI and
STIX). SPARK will observe hundreds of thousands of flares below GOES C class and will
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provide a comprehensive investigation of events two orders of magnitude less energetic
than ever before.

1.4.2. How Does Small-Scale Particle Acceleration Contribute to Coronal Heating?

The presence of temperatures exceeding 5 MK in the non-flaring active regions would
provide strong evidence of impulsive, low-frequency nanoflare heating. Steady or high-
frequency wave heating cannot maintain such high temperatures without violating other
observational constraints [102,119]. Many studies have detected hot plasma, e.g., [120,121],
but the uncertainties are large because the emission is orders of magnitude fainter than
that from associated cooler plasma (cf. the review in [122]). Moreover, non-equilibrium
ionization effects [123-125] and departures from a Maxwellian distribution due to the pres-
ence of accelerated particles [106,126-128] can limit the interpretation of EUV line-emission
observations. SXR and HXR thermal bremsstrahlung emissions from the same plasma are
not susceptible to non-equilibrium ionization effects, allowing measurements to be more
clearly interpreted and the accelerated particles to be more readily detected. The FOXSI-2
sounding rocket performed X-ray measurements of high-temperature plasma in an active
region [129], and SXR spectrometers flown on the SDO/EVE sounding rocket [121] and on
the MinXSS CubeSat [130] have performed high-temperature measurements of spatially
integrated SXR spectra. These measurements provide evidence of impulsive magnetic
reconnection events contributing to active-region heating [131]. SPARK will provide im-
portant constraints on competing scenarios of coronal heating in active regions [132,133]
and directly measure the predicted high-temperature X-ray signature of low-frequency
nanoflare heating, improved by observations of multiple coronal emission lines from
many ionisation states of Fe. Some of these lines also allow for diagnostics of accelerated
electrons [126,128]. Ionization and recombination time scales will be derived through
observations of the density of hot plasma, a key measurement not provided by prior EUV
observations/missions. SPARK will also provide measurements of magnetic field strengths
in active region loops, using the magnetically induced transition at 257.3 A(c.f. [134] and
references therein).

2. Payload

SPARK utilises three scientific instruments to provide imaging spectroscopy in the
y-ray, X-ray, and EUV regimes: LISSAN, FOXSI, and SISA, respectively. Figure 3 shows a
model of the spacecraft, highlighting the accommodation of the three scientific instruments.

FOXS! boom FOXSI optical bench

Service module
EE

LISSAN

Figure 3. SPARK spacecraft model illustrating the payload accommodations.
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2.1. Large Imaging Spectrometer for Solar Accelerated Nuclei (LISSAN)

LISSAN will, for the first time, reveal the dynamics of accelerated ions in solar flares
via spectroscopic imaging between 40 keV and 100 MeV on time scales of less than 10 s.
These capabilities will also allow it to observe high-energy X-ray emissions from energetic
electrons, providing diagnostics for both types of accelerated particles. This will be achieved
by using high-resolution scintillators with an energy resolution of 0.1 MeV at 6.1 MeV
and an angular resolution of 8" FWHM. At 6.1 MeV, LISSAN will achieve 40x RHESSI’s
sensitivity (5photons/cm?) and a spectral resolution of 1.5%dE/E. LISSAN will also
achieve 40x RHESSI's sensitivity (50 photons/cm?) in the 2.2 MeV neutron capture line. A
summary of the predicted performance of LISSAN is presented in Table 1.

Table 1. LISSAN instrument performance.

LISSAN Parameter Expected Performance
Energy Range—Low 40 keV
Energy Range—High 100 MeV

Imaging Effective Area (2.2 MeV) 100 cm?
Spectro Effective Area (2.2 MeV) 440 cm?
Sensitivity (2.2 MeV) 50 photons/ cm?
Sensitivity (6.1 MeV) 5 photons/ cm?
Imaging Time Resolution 1s

Angular Resolution 8"

Field of View 12.8’ diameter
Energy Resolution (6.1 MeV) 1.5% dE/E
Largest Observable Flare >X5

LISSAN employs an indirect Fourier imaging technique [135,136]. Pairs of 1D slotted
grids (bigrids) encode spatial information into moiré patterns, each of which is measured
by a pixelated, spectroscopic, photon-counting y-ray detector. Each bigrid samples an
angular scale along a single direction on the plane of the sky. The resulting moiré patterns
therefore represent spatial Fourier components of the field of view (visibilities), which can
be combined into images via Fourier-based image reconstruction algorithms similar to those
used in radio interferometry. This imaging concept has been successfully demonstrated
by Solar Orbiter/STIX [22,137] in the 4-150 keV spectral range. LISSAN is composed of
20 subcollimators, 15 of which contain bigrids for imaging spectroscopy. The angular
scales and directions they sample depend on the pitch (slit width) and orientation of the
bigrids. The resulting visibilities can be represented as complex numbers on the (u,v)
plane. One possible visibility configuration is displayed in the left panel of Figure 4, with
its associated point-spread function in the central panel. The right panel shows an image of
the 31 March 2022 M9.7 flare that LISSAN would have produced with this configuration in
the 50-84 keV range using the CLEAN image reconstruction algorithm. Two non-thermal
footpoint sources are clearly visible.

Of LISSAN's five remaining gridless subcollimators, one monitors the background,
and four are used to boost sensitivity for spectroscopy. This is because the absence of
bigrids increases the photon throughput by a factor four.

The detector of each subcollimator comprises 16 “fingers” of crystal. In one direction,
this segmentation allows the moiré pattern to be measured. The other improves light
collection and, therefore, spectral resolution and provides a redundant measurement of
the moiré pattern. This guarantees the energy resolution needed to measure the Doppler
profiles of the C and O lines at 4.4 and 6.1 MeV, respectively.
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Figure 4. Left: One possible (1, v)-coverage for LISSAN; middle: associated point-spread function
(dirty map of a point source on axis; this image contains both the X-ray source and instrumental
artefacts to be removed with adequate cleaning algorithms); right: simulation of a LISSAN image
of the 50-84 keV emission from the two hard X-ray footpoints during the M9.7 flare on 31 March
2022, which was observed by STIX on Solar Orbiter. This image was obtained by running the CLEAN
algorithm on the dirty image.

2.2. Focusing Optics X-ray Solar Imager (FOXSI)

FOXSI combines grazing-incidence hard X-ray focusing optics with small, fast, pixe-
lated detectors to produce images of the Sun at high spectral, spatial, and temporal resolu-
tion over the spectral range of 3-50 keV [138]. This strategy offers dramatic improvements
in image quality, dynamic range, and sensitivity over the indirect (Fourier-based) imaging
techniques of current and previous state-of-the-art solar X-ray spectroscopic imagers, e.g.,
RHESSI and Solar Orbiter /STIX. FOXSI will be able to reliably image faint thermal and
non-thermal sources in the solar corona, even in the presence of brighter ones, for the first
time. Such images will enable FOXSI to elucidate a ground-breaking new understanding of
particle acceleration and the evolution of solar eruptive events. FOXSI will not intrinsically
integrate images over preset time or energy intervals but instead record the energy, position,
and arrival time of individual photons, allowing images and spectra to be produced ex post
facto in accordance with specific science goals. FOXSI's design and measurement strategies
have been proven through successful flights of several solar sounding rocket and balloon
instruments [139-144]. Moreover, FOXSI will build on the success of non-solar space-based
direct-focusing X-ray imagers (e.g., NuSTAR and Hitomi) and optimised for the resolution
requirements and high fluxes of solar observations. This is achieved via judicious design
of the optics’ effective area, fast-counting detectors, and movable attenuators that can be
deployed during the largest flares. This prevents corruption of the measured spectrum,
e.g., via pile up, which is common in observations of even small solar flares by non-solar
telescopes, e.g., NuSTAR. A summary of the predicted performance of FOXSI is presented
in Table 2.

Table 2. Expected performance of SPARK/FOXSI.

FOXSI Parameter Expected Performance
Energy Range—Low 3keV
Energy Range—High 55keV

Imaging Dynamic Range 1

20:1 beyond 20" separation

Imaging Dynamic Range 2 1000:1 beyond 45" separation
Effective Area (at 20 keV) 40 cm?
Sensitivity 0.2 photons/cm?
Imaging Time Resolution 0.1s
Angular Resolution 6.3 FWHM
Field of View 9.8 x 9.8’
Energy Resolution 0.8keV FWHM
Largest Observable Flare >X10
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FOXSI also includes a soft X-ray spectrometer (FOXSI-STC) that provides spatially
integrated high-resolution spectra (0.2 keV FWHM at 1.5keV) in the range of 0.8-15keV.
The combination of emission lines and thermal continuum emissions in this energy range
provides additional plasma temperature and composition information averaged over all
the plasma in the FOXSI FOV that FOXSI cannot access to due to its lower energy resolution
(0.8keV) and higher low-energy cutoff (3 keV). FOXSI-STC is composed of two identical
spectrometers with different apertures optimised for low and high flux, respectively. This
enables it to measure the X-ray fluxes of even the largest flares. FOXSI-STC will be used
to control the movable attenuators of FOXSI’s HXR focusing telescopes. This approach
enables fewer attenuator motions compared to past and current instruments, which have to
frequently remove their attenuators for short periods of time (i.e., peek) to check whether
the flux has reduced to an acceptable level. A summary of the predicted performance of
FOXSI-STC is presented in Table 3.

Table 3. Expected performance of SPARK/FOXSI-STC.

FOXSI-STC Parameter Expected Performance
Energy Range—Low 0.8keV
Energy Range—High 15keV
Effective Area 0.01 cm?
Energy Resolution 0.2keV FWHM below 1.5keV
Field of View 9.8 x 9.8’
Time Resolution 0.5s
Largest Observable Flare >X10

2.3. Spectral Imager of the Solar Atmosphere (SISA)

SISA (Spectral Imager of the Solar Atmosphere) is an integral field spectrograph
(IFS) [145], providing the simultaneous spectra of a bidimensional field of view of 100 arc-
seconds by 250 arcseconds using image slicer technology. Two spectral ranges will be
covered, centred around 18.5 nm and 25 nm, with 1 arcsecond spatial resolution and a
spectral resolving power of R~3650-5160. A spectral ranges of 170-195 A and 245-260 A
are required to measure the parameters of 1 MK plasma and the hotter 15 MK plasma, re-
spectively. This wavelength range includes lines sensitive to coronal magnetic field strength
(Fe X 25.7 nm; see, e.g., [134,146,147]) that can be deduced using a ratio of magnetically
sensitive Fe X lines formed at 1 MK. The wavelength range also includes lines sensitive to
electron temperature /non-Maxwellian electron distributions [148,149]. It also has a wide
range of lines to measure electron densities from coronal (e.g., Fe IX, Fe XI, Fe XII, Fe XV,
and Ca XV) to flare temperatures (Fe XXI) and the FIP bias. It observes He Il and a wide
range of lines, many at flare temperatures (e.g., Fe XVII, Fe XX, Fe XXI, Fe XXII, Fe XXIII,
and Fe XXIV).

In order to achieve the temporal resolution of 1 second required to capture the rapid
development of the plasma environment during flare energy release, the simultaneous
observation of a 2D field of view without the traditional use of slit scanning systems is a
key factor. The integral field spectroscopy technique is a novel proposal for the extreme
ultraviolet (EUV) regime and benefits from a wide heritage of integral field spectrographs
operating in ground-based and space-based telescopes. This strategy has significant advan-
tages over traditional EUV scanning spectroscopy (e.g., EIS, IRIS, and Solar-C/EUVST),
making 2D images over two orders of magnitude faster than before. The wavelength range
of SISA is both different and wider than that of the upcoming Multi-Slit Solar Explorer
(MUSE; [26]) spacecraft, offering a wide array of plasma diagnostics so that 2D maps of,
for example, electron density (at multiple temperatures) and the magnetic field will be
obtained. We note that several SISA diagnostic, such as the measurements of coronal
magnetic fields and departures from electron Maxwellian distributions, are not available
to SOLAR-C/EUVST. A summary of the predicted performance of SISA is presented in
Table 4. The ability to obtain diagnostics at 1 s cadence is based on estimates of the signal
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in active region cores and flares and the strawman design (described in the SISA paper),
consisting of a single multilayer for the three reflecting surfaces and a 20 cm aperture of the
off-axis telescope.

SISA will be composed of two subsystems: the telescope, an off-axis parabolic mirror;
and the integral field spectrograph, an array of curved slicer mirrors and curved gratings.
The slicer mirrors are placed at the telescope focus and decompose (slice) the image of the
field of view using an array of powered rectangular mirrors, each with a different tilt angle
around the X and Y axes. These will produce a pupil image per slice reflected in different
directions towards the curved gratings, which perform three functions: (i) dispersion of the
incoming beam into its constituent wavelengths, (ii) imaging of the beams on the detector
with the required magnification, and (iii) control of the location of the exit pupil. The
orientations of the gratings are fixed. Each grating will produce the spectrum of each slice
of the field, as shown in Figure 5. The tilt of each grating will be defined to distribute
the spectra on the detectors. SISA will be the first integral field spectrograph in the EUV
spectral range.

Gratings
(one per slice)

Image at the telescope focus

Spectrum 4

Sliced FOV -
Spectrum 6

Each slicer mirror reflects a slice of the
field of view in a different direction

Slicer mirror array at the
telescope focus

Slicer mirror array

Figure 5. Left: Sketch of the functionality of an image slicer. The image slicer acts as a field reformatter,
slicing the entrance field of view and generating one pupil per slice (Note that despite apparent
gaps in the sliced FOV in the figure, it provides a contiguous map when combined). Right: SISA
conceptual layout with a reduced number of slicers. Each curved grating produces the spectrum of
each slice of the field. The tilt angles of the gratings offer flexibility in the geometrical distribution of
the spectra on the detector.

Table 4. Instrument requirements and expected performance of SISA.

SISA Parameter Expected Performance
Spectral Window 1 178-184 A
Spectral Window 2 221-264 A
Spectral Resolution 0.05 A FWHM
Spectral Resolving Power (R) 3560-5160
Field of View 100" x 250"
Spatial Resolution 1" in 2 pixels
Temporal Resolution (high signal) 1s
Temporal Resolution (low signal) 10s

2.4. Mass and Power

The required resources for LISSAN, FOXSI (including FOXSI-STC), and SISA are given
in Table 5. The mass estimates include a 20% margin on each instrument, whilst the power
requirements include a 30% margin on each instrument. The operating temperatures are
the most stringent constraints for each instrument; particularly relevant are the front-end
electronics (FEE) for LISSAN and the focal-plane assembly (FPA) for both FOXSI and SISA.
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Table 5. Required resources for LISSAN, FOXSI (including FOXSI-STC), and SISA.

Resource LISSAN FOXSI SISA
Mass 370kg 120kg 78kg
Volume 1.96 m3 (105 cm)? (stowed) 0.5 m3
Power 125W (peak) 170 W (average) 130 W (average)
Data Rate 25Mbits/s (peak) 1 Mbits/s (peak) 50 Mbits/s (average)
Operating Temp. 0 °C (FEE) —20-0 °C (FPA) <—40°C (FPA)

3. Proposed Mission Configuration and Profile

To meet its science objectives, SPARK must be launched at a time when medium-to-
large solar flares can be observed. This can be achieved at any time in the solar cycle except
solar minimum.

3.1. System-Level Requirements

The overlapping fields of view (FOV) of LISSAN, FOXSI and SISA are shown in
Figure 6. A pointing accuracy of 10 arcsecs is required due to the FOV of all of SPARK’s
instruments and the need to point to a chosen active region. The performance drift error
(PDE) is driven by the spatial resolution of SISA and is 0.1 arcsec within a time interval
of one second. The requirement will be fulfilled by further attenuating the spacecraft
PDE with a tip/tilt system. Each instrument suite will carry its own aspect system to
overcome uncertainty in coalignment between the instruments, as the precise knowledge
of the positions of the y-ray, X-ray, and EUV emissions relative to one another is key to
fulfilling the scientific objectives of the mission. Therefore, each instrument will provide
precise knowledge of the pointing.

LISSAN and the FOXSI HXR telescopes will operate in one nominal observing mode.
SISA will have two operational modes. The first mode (cadence 1) will be for observing
flaring active regions when there is an abundance of EUV radiation. The second mode
(cadence 2) is optimised for weaker signals when the Sun is less active, requiring slower
exposure times. A safe mode will be implemented for each instrument to react to instrument
or spacecraft failure.

3.2. Operations

The SPARK payload is designed to provide synchronized observations that address
specific science questions. Since the instruments will always observe the same targets, the
science operations will not require a large degree of flexibility. As instruments have a FOV
smaller than the full Sun, target selection will be required. Targets will typically be solar
active regions most likely to produce energetic flares. SPARK will allow the community to
submit observing plans for targeted observations.

Science and housekeeping data recorded in the onboard mass memory will be brought
down in raw format for processing on the ground into level 0 format. The nature of
multiple downlink stations may require that data be aggregated and sorted before this
processing. Further pipeline processing will bring data to level-2-derived products via
level-1-calibrated data. Minimal data processing will happen on board, and all the data
will be downlinked for processing on the ground.

3.3. Spacecraft Design

The primary drivers for the SPARK spacecraft design are the accommodation of the
extendable boom for FOXSI and the large mass of LISSAN. The boom will be deployed in
orbit, and alignment between the optics on the spacecraft and the detectors at the tip of the
extendable structure will be performed using the FOXSI tip/tilt mechanism.

SPARK’s payload includes imaging instruments and therefore requires a three-axis
system to minimise spatial blurring. The combination of individual instrument stability
requirements leads to an overall requirement for the PDE of 0.1” over 1 second. The
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spacecraft absolute performance error (APE) is 10” to allow a 10% error on the smaller SISA
field of view pointing at the correct target. The requirement for the relative performance
error (RPE) is 1” for integration times of 1 s. The attitude sensors should include a fine Sun
sensor and a star tracker in order to determine spacecraft pointing relative to the Sun. An
inertial reference unit is required to determine changes in attitude over time.

SPARK’s baseline L1 orbit provides a stable thermal environment such that the thermal
control on the instruments can maintain any required temperature. The spacecraft will have
one side constantly facing the Sun and one side facing cold space all the time. SPARK’s
thermal requirements can be met by a passive cooling system consisting of cold fingers
and radiators.

3 LISSAN
1000" 73 FOXSI
e o Y

500"

Helioprojective Latitude (Solar-Y)

-500"

-1000"

-1000" -500" 0" 500" 1000
Helioprojective Longitude (Solar-X)

Figure 6. Fields of view of the three imaging instruments of SPARK overplotted on the EUV 171 A Sun
from AIA.

SPARK will provide science data downlink to Earth using a K-band 26 GHz antenna.
Even with a reduced ground station contact of 4 hours to obtain 850 Gbits/day (similar
to Euclid), this would be enough to downlink the entire maximum daily data volumes
of 80 Gbit (LISSAN) and 86 Gbit (FOXSI). The SISA maximum daily data volume of
4.3 Thits/day would be stored using onboard mass memory storage of at least 4 TB, with
synoptic data being communicated to the Earth to choose a subset of events to download
and/or periods to downlink with reduced cadence.

4. Current Status of SPARK

SPARK was initially submitted to the ESA in 2010 as an M-class mission proposal that
included a modified version of LISSAN and FOXSI with different supporting instruments.
More recently, the relevant particle acceleration and transport topical questions were
presented as an ESA Voyage 2050 white paper in 2020 and subsequently published [150].

SPARK in its current form was proposed to the ESA in 2022 as an M-class mission
and reached Phase-2. Development of the individual instruments proposed for SPARK
continues, funded by national efforts. The United Kingdom is developing EUV image
slicer technology for SISA, France is developing X-ray detectors for FOXSI, Germany is
developing grids for LISSAN, and Belgium is developing improved detectors for SISA.
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There is clear support for the goals and implementation of SPARK across the broad
European scientific community in solar physics and beyond. The implementation of SPARK
in this form presents an exciting opportunity for paradigm-shifting observations in the field
of astrophysical particle acceleration and transport, using data from our local laboratory,
the Sun.
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Abbreviations

The following abbreviations are used in this manuscript:

AIA Atmospheric imaging assembly

CME Coronal mass ejection

EIS EUV Imaging Spectrometer on board Hinode

EUV Extreme ultraviolet

EUVST Extreme Ultraviolet High-Throughput Spectroscopic Telescope
EVE EUV Variability Experiment on board SDO

FEE Front-end electronics

FIERCE Fundamentals of Impulsive Energy Release in the Corona Explorer
FPA Focal-plane assembly

FOV Field of view

FOXSI Focusing Optics X-ray Solar Imager

FOXSI-STC ~ FOXSI's Spectrometer for Temperature and Composition
FWHM Full-width half maximum

GOES Geostationary Operational Environmental Satellite

HXR Hard X-ray

IFS Integral field spectrograph

IRIS Interface Region Imaging Spectrograph

LISSAN Large Imaging Spectrometer for Solar Accelerated Nuclei
MHD Magnetohydrodynamic

MUSE Multi-Slit Solar Explorer

NuSTAR Nuclear Spectroscopic Telescope Array
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RHESSI Reuven Ramaty High-Energy Solar Spectroscopic Imager
SDO Solar Dynamics Observatory

SEP Solar energetic particle

SISA Spectral Imager of the Solar Atmosphere

SPARK Solar Particle Acceleration, Radiation, and Kinetics mission
STIX Spectrometer/ Telescope for Imaging X-rays

SXR Soft X-ray
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Abstract: CubeSats, known for their compact size and cost effectiveness, have gained significant
popularity. However, their limited size imposes restrictions on the optical aperture and, consequently,
the Ground Resolution Distance in Earth Observation missions. To overcome this limitation, the
concept of deployable optical payloads with segmented primary mirrors which can unfold like petals
has emerged, enabling larger synthetic apertures and enhanced spatial resolution. This study explores
the potential benefits of leveraging Additive Manufacturing (AM) and Topology Optimization (TO)
in the realm of ultra-precision machining, specifically single-point diamond machining. The goal is to
reduce fixture weight while improving stiffness to minimize deformations caused by rotational and
cutting forces which compromise optical performance. Through Finite Element Analysis, this research
compares conventionally machined fixtures with those produced using AM and TO techniques. The
results reveal that concept designs created via TO can achieve a remarkable 68% reduction in weight.
This reduction makes the assembly, including the machining fixture and 12 U deployable segments,
manageable by a single operator without the need for specialized lifting equipment. Moreover, these
innovative designs lead to substantial reductions of up to 86% and 51% in deformation induced by
rotational and cutting forces, respectively.

Keywords: topology optimization; single-point diamond machining; deployable optics; additive
manufacturing; CubeSat; lightweight; earth observation

1. Introduction

With the availability and lower cost of small satellite platforms such as CubeSat, there
has been a constant effort among the instrumentation community to miniaturize all the
components, including the optical payload, to fit in the confined space defined by the
elementary CubeSat Unit (U) 10 x 10 x 10 cm in a platform ranging from 1 U up to 16 U.
However, the limited size of the platform also restricts the optical aperture of the payload,
which in turn limits the achievable Ground Resolution Distance (GRD), a key parameter in
Earth Observation (EO) missions. Diffraction and sensor pixels’ size, when projected on
the ground, contribute to the GRD. The diffraction is only defined by the aperture diameter,
orbital altitude, and the wavelength. A 1 U or 3 U CubeSat with a 10 cm aperture diameter
in a Low Earth Orbit (500 Km), working in the visible region at a 500 nm wavelength,
will deliver at least a GRD of 3 m, while a 12 U with a 20 cm aperture diameter typically
achieves a 1.5 m GRD.

Considering the launch cost scale with the spacecraft mass and volume [1], an optical
payload with a deployable optics and telescope therefore becomes an attractive concept to
benefit from lower launch platform costs, without compromising on the telescope aperture
size. A space telescope equipped with a deployable primary mirror can, in principle,
recreate, with actuated individual segments, a larger synthetic aperture than the launch
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vehicle size, enabling higher spatial resolution than what a non-deployable telescope would
have delivered.

Historically, the James Webb Space Telescope remains the only deployable telescope
currently in operation [2]. Its successful launch and operation have confirmed the viability
and potential of deployable optics in space. Efforts are now being made to adapt this
principle to smaller, more cost-effective platforms, such as CubeSats. Various design
proposals and associated alignment concepts have been detailed in recent publications.
In [3,4], concepts of a deployable secondary mirror mechanism have been described, with an
extendable barrel linking the primary and secondary mirrors. In [5], a deployable primary
mirror composed of four petals reconstruct a 1.5 m diameter aperture. A phasing concept
for the four segments is also described, maximizing the image sharpness metric. In [6],
a mechanical design of a large non-imaging deployable telescope is described. In [7],
a 200 mm diameter synthetic primary mirror deployed from a 1 U CubeSat bus is described
along with the holographic method to phase the three segments together using laser point
sources In [8], an advanced concept of a 300 mm synthetic primary mirror fitting ina 1.5 U
CubeSat space enveloped is described with the phasing principle. The paper also gives a
preliminary conceptual design for a deployable secondary mirror. In [9], a similar concept
is extended to a 6 U platform.

Topology Optimization (TO) and Additive Manufacturing (AM) have gained increas-
ing prominence as tools for designing and directly 3D printing optics [10-14]. Furthermore,
the application of this technology shows great potential in enhancing ultra-precision ma-
chining. The potential advantages they bring include faster prototyping, increased design
flexibility, reduced material waste, and the ability to create complex geometries that were
previously unattainable. When machining the optical surfaces of deployable primary
mirrors, two distinct strategies can be considered:

The first strategy involves machining each segment independently and sequentially
‘on-axis’, with the blank centered on the polishing or diamond-turning spindle axis, and the
tool describing the equivalent freeform component of the off-axis segment with three
synchronized axes. The second option is to machine the four segments in their operational
position, forming the synthetic aperture in its deployed configuration. This configuration
offers several advantages:

e  itis faster, as all segments are machined in one go rather than sequentially as in the
first option;

® it requires fewer axes, thereby minimizing potential sources of error;

® it presents a primary mirror arrangement identical to the operational configuration,
thus facilitating post-machining metrology when the mirrors are phased together.

However, the main drawback of this off-axis configuration is that the assembly could
become large and heavy, making it challenging for a single operator to handle. Additionally,
there may be specific limitations, especially with large diameters, related to possible
distortion induced by rotational forces on an ultra-precise lathe.

This paper focuses on the design aspects of a machining fixture and conducts a
comparative analysis of the advantages offered by AM and TO when compared to a
Conventionally Machined (CM) fixture. Both types of fixtures (AM and CM) are intended
for use with a single-point diamond-turning ultra-precise lathe. They have been specifically
designed to accommodate four identical segments, each with dimensions of approximately
200 x 200 mm and a mass of around 1 kg. These segments, when deployed, collectively
form a synthetic aperture with a diameter of ¢ 600 mm. Our findings highlight the
advantages of AM and TO, offering a fresh perspective on fixture design.

The folded segments fit within a 16 U CubeSat structure, with a 12 U volume nominally
allocated for the optical system and an additional 4 Units (4 U) for potential avionics and
satellite bus systems.

To assess the effectiveness of the proposed improvements, both the CM and AM
designs are evaluated using Finite Element Analysis (FEA) against three requirements:

e The mass of the fixture;
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¢ The deformation induced by the rotational force during machining;
e The deformation induced by the diamond tool cutting.

In the following section, we describe the conventional design fixture case study and
provide background information about the modeling of rotational and cutting forces.
In Section 3, we detail the topology optimization parameters, including the starting de-
sign and the boundary constraints applied during the optimization process. Moving on
to Section 4, we present the results of two AM designs and discuss their performance
improvements compared to the CM design. Finally, in Section 5, we engage in a discussion
of the results and the opportunities they offer for future high-precision machining of large,
segmented apertures.

2. Case Study—Conventional Fixture

The objective of a machining fixture is to accurately position and securely hold the
four segments, which collectively form a rotationally symmetrical master surface, in their
designated locations. Additionally, the fixture must ensure a reliable interface transfer
between the off-axis segments and the backing plate.

To accomplish this, the conventionally designed fixture, depicted in Figure 1, com-
prises three discrete components:

e  Part A: The backing plate, which is affixed to the machine spindle via the central set
of counterbored holes.

e Part B: Removable wedges that serve to connect the mirror segments to the backing
plate. These wedges also adjust the tilt of the segments according to their off-axis
values and can be positioned in the X and Z directions via shims (Axis labels differ
from the conventional machine ones; instead, they align with the FEA conducted in
Section 4).

*  Part C: The four individual segments themselves.

(@) (b)

Figure 1. (a) Example of a conventional fixture during machining on a Moore Nanotech 350FG at the
Centre for Advanced Instrumentation at Durham University. (b) Conventional machining fixture
composed of three elements. Element A is the backing plate, B are four wedges used to apply the
off-axis angle on each segment and finely position each mirror on the backing plate, and C are the
four segments.
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As the layout of the four segments has been designed with the constraint of maintain-
ing a thin profile to fit within the limited space of the platform, their rear faces have been
aligned parallel to the tangential plane to the center of the aperture. Consequently, the use
of wedges becomes necessary to compensate for this tilt. The presence of this tilt, which
complicates the interface and introduces possible sources of misalignment, justifies the use
of TO and its associated benefits.

2.1. Mechanical Target Requirements
The list of requirements, which defines the design objectives, is given in Table 1.

Table 1. Design objectives of the fixture.

Requirement Type Target Requirement
Mass of assembly excluding mirrors <15Kg
Deformation induced by centrifugal force at 400 RPM as low as possible !
Deformation induced by cutting forces of 10 N as low as possible !

! This requirement should be in line with the residual wavefront error requirement of the optics or telescope and
should be informed via a proper tolerance analysis.

The first requirement concerns the mass of the fixture, stipulating that it should not
exceed 15 kg. This specification underscores the need for the fixture to be lightweight
enough to be easily lifted onto the spindle of the machine by an operator, without relying
on a crane. Since the part is machined in a vertical position as shown on Figure 1, a heavier
mass imposes additional load (bending moment) on the spindle. This increased load can
potentially limit the spindle’s rotational speed, thereby extending the overall machining
time. Moreover, a greater weight distributed over a larger diameter amplifies the moment
and, consequently, the centrifugal force. This increase in centrifugal force induces displace-
ments on the part during machining that give rise to form errors in the recovered mirror
shape when the part is removed from the machine; hence, it is the second requirement
to minimize these forces. Figure 2a provides a visual representation of the force vectors
applied to each segment during the machining process. The centrifugal force acting on an
object can be expressed using the following equation:

2
Frotation = w* -7 -m, 1)

Here, w represents the rotational speed in radians per second (rad/s), r signifies the
distance from the object to the axis of rotation, and m denotes the mass of the object. While
the primary force is applied radially to the segment, it is anticipated that a substantial
portion of this force will translate into a component along the spindle axis due to the
overhang of the wedges. This localized load will induce surface deformations on the
mirror, similarly to the cutting force and shown on Figure 2b, governed by Hooke’s law,
with surface displacement varying linearly with the applied force:

AL
Fcutting = N “A-E, 2)
In this equation, AL represents the surface displacement, L stands for the thickness of
the part where the force is applied, A denotes the surface area on which the force is exerted,
and E signifies the modulus of elasticity. Consequently, the surface displacement along the
spindle axis (€) can be understood as both (i) a linear function of the tool cutting force:

AL
€cutting = T & Feuttings 3)
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and (ii) a quadratic function of the rotational speed:

AL
€rotation = T xw? r- m, 4)

(a) (b)

Figure 2. (a) Direction of the force induced by centrifugal force when the fixture rotates at high speed.
(b) Diamond tool exerting a cutting force on the segment and machining fixture.

2.2. Finite Element Analysis Parameters

FEA using Nastran [15] was used to simulate the displacement occurring on the
mating faces of the fixture subjected to stress from both cutting and rotational forces. We
isolated a single body part from the assembly file to simplify the transfer of deformations
from the backing plate to the wedges. A mesh with element sizes of 20 mm was generated
for the analysis. Fixed constraints were imposed on the bore located on the rear face of the
fixture and the face in contact with the spindle, as illustrated in Figure 3a. To represent the
cutting force, a 10 N load was applied along the spindle axis to the 16 raised pads situated
on top of the wedges, as depicted in Figure 3b.

The cutting force, as described by [16], is directly linked to the chip area and is in-
fluenced by parameters such as the depth of the cut, tool radius, and feed rate. Further
investigation has revealed that tool quality and wear also play a significant role in deter-
mining the tool force [17]. Typical cutting forces have been measured to range between
0.1 N and 1 N in the spindle’s axis of rotation. We used a value of 10 N in our simulation,
applying a safety factor. Equation (3) demonstrates that due to the linear relationship
between displacement and force, the displacement results can be scaled proportionally
when using a different cutting force.

In a similar manner to the approach followed by [18], we modeled the rotational forces
applied to the fixture in Nastran using a rotation force and a velocity of 7 rev/s. It is
important to note that the modeling focused exclusively on the fixture, without considering
the mirror segments, in order to isolate only the fixture’s contribution.

When defining the structural material parameters, a representative material with a mass
density of 2.7 g/cm?® and an Elastic Modulus of 68 GPa was selected as the material for both
CM and AM cases. It is worth noting that alloys commonly used in AM, such as AlSi10Mg,
or traditional aluminum alloys like 6061, exhibit very similar structural properties.
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It would make sense to use a similar material for the telescope’s primary mirror segment
and the telescope structure to enable homogeneous thermal expansion in different temperature
regimes, especially for machining, alignment, integration, and in-orbit operation.

e

W A¢ F o

EAVAVL
S

(a) (b)

Figure 3. (a) Fixed constraint applied to the back of the CM fixture, (b) 10 N force (in green) applied
to the 16 interface planes (in blue) with the four deployable segments.

2.3. FEA Results—Conventional Fixture

The total mass of the assembly comprising the backing plate and the wedges is 15.5 kg.

The FEA results are presented in Figure 4 and Table 2, showcasing the deformation
along the axis corresponding to the optical axis. With a cutting force of 10 N in Figure 4a,
the deformation measures approximately 3.9 um PV. Notably, the maximum deformation
is observed above the overhang, highlighting the need for a significantly stiffer and more
rigid support in that area. With a more realistic cutting force of 1 N, the deformation
would be around 390 nm, which would become acceptable for a IR telescope, especially
considering that the distortion would also be limited to the area of the pads and not
the entire fixture, which is how it has been considered here. Figure 4b illustrates the
displacement outcome caused by rotational forces of 400 RPM, again along the spindle
axis. As significant displacement is observed at approximately 6.8 um, it is advisable to
refrain from using the fixture at rotational speeds exceeding 90 RPM, which would induce
a residual deformation around 350 nm.

Table 2. FEA results obtained for the conventionally machined fixture.

Requirement Type Target Requirement
Mass of assembly excluding mirrors 155Kg
Deformation induced by centrifugal force at 400 RPM 6.8 um
Deformation induced by cutting forces of 10 N 3.9 um
Deformation induced by gravity 0.56 pm

Due to the lower deformation induced by gravity, our subsequent optimization will
primarily focus on reducing the deformation caused by cutting and rotational forces.
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Figure 4. (a) Displacement modeled for a cutting force equal to 10 N (b) and a rotational force induced
by a rotation speed of 400 RPM (7 rev/s).

3. Topology Optimization

The TO was undertaken at the Advanced Manufacturing Research Centre (AMRC)
and focused on a fixture design that harmonizes structural resilience with weight efficiency,
suitable for deployable primary mirrors in CubeSat telescopes. For the design space,
the setup was configured to optimize the fixture’s design for maximum stiffness, targeting
specific mass constraints. Two mass targets were explored, 5 kg and 10 kg, to drive the
optimization. In addition, two design envelopes were used to explore the design variability:
a short and a long design envelope. As can be seen in Figure 1a, there is free space to allow
for a larger envelope along the tool axis. Table 3 lists the primary mechanical requirements
used for the fixture design space configuration.

Table 3. Mechanical design requirements.

Design Requirement Target Values
Mass of assembly excluding mirrors <15Kg
Deformation due to axial cutting load (10 N) as good or better than CM (<3.9 um)
Deformation due to acceleration at 400 RPM as good or better than CM (<6.8 um)
Methodology

The CAD ‘Generative Design’ tool within PTC Creo (version 9.0.2.0) [19] was used for
the TO outputs shown in this study. Altair HyperWorks (version 2022.3) [20] was also used
to run final structural analysis of the concepts. The baseline geometry, comprising the base
plate, wedges, and shims, is depicted in Figure 1b. This assembly formed the reference for
load direction definitions, aligned with the lathe spindle axis (Y-axis) and perpendicular
axes (X and Z).

The optimization process involved delineating both a design space and a non-design
space. The design space, shown in Figure 5, is where material could be added or removed,
shaped by local constraints and objectives. This space was defined around the original con-
cept, ensuring no interference with essential features like fasteners or adjacent components.
Conversely, the non-design space encompassed critical interface regions and functional
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features that were necessary to retain. Two design space sizes were explored, including
a variant that integrated the backing plate into the fixture base. The fixture’s dimensions,
particularly an added 200 mm length, were tailored to fit within the Single-Point Diamond
Machine lathe constraints, allowing for future adjustments in design.

Figure 5. Baseline concept geometry for the fixture plate: (Left) design space envelope similar to CM;
(Right) large envelope as machine space allows.

The fixture’s theoretical fabrication was planned to use an AM process such as Laser
Powder Bed Fusion (LPBF), chosen for its ability to facilitate complex and lightweight
designs not possible using methods of manufacture. For this purpose, the aluminum alloy
AlSil0Mg, frequently used in AM applications, was selected. The specific properties of
AlSi10Mg, for guiding the design and optimization of the fixture, are detailed in Table 4.

Table 4. Material properties used for structural optimization and analysis.

Young’s Modulus Allowable Stress

. . 3 . ’ . .
Material (GPa) Density (Kg-m™2) Poisson’s Ratio Yield Stress (MPa) (MPa)
AlSi10Ms (stress 66.0 268107 033 174 116
relieved)

All degrees of freedom were fixed at the lathe spindle bolting location in four positions,
as shown in Figure 6. These constraints are applied on the preserve geometries (non-

design space).
Qa 0
° [ ] o o
® o $ Y o
s a

N

Figure 6. Left—Plan view of the Finite Element Method with constraints applied at the four central
bolting locations. Dark blue indicates the fixed location constraint applied to the attachment screws,
while light blue represents the interface with the mirror segments, which must not be altered during
the optimization. Right—Close-up view of the constraint application onto the preserved geometry.
Light blue denotes the area that will not be modified during the optimization, and green represents
the fixed constraint applied to the geometry.
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All components of the assembly, including the metal optics, were consolidated into a
single entity, eliminating the need for joints or connectors. The metal optics were repre-
sented as point loads at their interface points. The load analysis comprised two categories:
rotational loads at 400 RPM and an axial load of 10 N, applied at the metal optics fastener
locations around the fixture’s periphery. This 10 N load, an exaggerated estimate for safety,
was distributed across four fastener positions as depicted in Figure 7. These forces were
applied to preserved geometries (non-design spaces) such as constraints. Notably, previous
analyses undertaken at Durham University (DU) included gravity loads in a vertical orien-
tation; however, these were omitted in this study since their impact was significantly lesser
compared to rotational forces. The metal optics” bodies themselves were excluded from
this load evaluation to ensure direct comparability with the CM case. It is acknowledged
that the inclusion of these masses in the fixture assembly will impact the study results.
The primary objective of this study was to isolate and compare the effects of cutting and
rotation forces on the two types of fixture.

e ‘-. C ‘. s
D P

Figure 7. Application of force is shown distributed across one of the metal optics locations. Grey
delineates the optimization volume, blue indicates the interface with the mirror segments, and the
yellow arrows represent the force applied on the interface during machining.

PTC Creo’s ‘Generative Design’ tool, differing from its typical p-element method with
automatic polynomial adjustment, utilized an h-element-type mesh. For maximum detail,
the setting generated approximately 512,000 tetrahedral elements, averaging 3.1 mm in
size. Conversely, Altair HyperWorks, which also employs the h-element method, focused
on mesh convergence via element sizing. The structural analysis reporting deflections used
a global average mesh size of 10 mm. An automatic surface deviation method refined
the mesh for curvature, reducing it to as low as 10% of the global size (1 mm minimum).
An illustrative section through the utilized mesh is shown in Figure 8. To achieve manage-
able outputs from the TO setup, the studies were limited to 1000 iterations, with any cases
reaching this limit reported as inconclusive.
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Figure 8. Example section of the mesh density used for the validation analysis of the concepts in
Altair HyperWorks.

4. Results

Two TO outputs were successfully produced and met the specified design criteria,
as highlighted in Table 5. An additional load case, combining both rotational and axial
loads, was evaluated to better approximate the real machining setup. This combined load
case resulted in the greatest deflection, with the findings presented in the subsequent
figures. The TO outputs are shown in Figures 9 and 10. Detailed deflection plots for each
individual load case are shown in Figures 11-13. Although peak stress levels were recorded,
it is important to note that prior studies have determined that stress is not a significant
concern for the materials selected for these designs.

Table 5. Results of short and long design envelopes with 5 kg and 10 kg mass targets.

Peak Peak Peak Deflection—
Concept Mass, kg Deflection—400 Deflection—10 N, Combined, Peak Stress, MPa
RPM, pm pm pm
. . As good or better As good or better As good or better
Design Criteria <15 gthan M gthan M gthan M <116
Short Envelope 5.2 1.17 3.08 4.23 1.24
Long Envelope 10.2 1.11 2.04 3.14 1.59

The output of the TO with the shorter design envelope and 5 kg mass target, as well
as the peak deflection contour plot, are shown in Figures 9 and 11.

The output of the TO with the longer design envelope and 10 kg mass target, as well
as the peak deflection contour plot, are shown in Figures 10 and 12.

Comparing the results of the design envelopes, the short envelope design, with a mass
of 5.2 kg, demonstrated peak deflections slightly higher than the long envelope design,
which weighed 10.2 kg. Specifically, under combined load conditions, the short envelope
recorded a peak deflection of 4.23 pm compared to 3.14 pm for the long envelope. This
difference highlights the long envelope’s slightly superior performance in minimizing
deflection under load, which could be attributed to its increased mass and altered geometry.
Moreover, the peak stress in the long envelope design was marginally higher (1.59 MPa)
compared to the short envelope (1.24 MPa), yet both values were significantly lower than the
stress limit of 116 MPa, confirming the robustness of both designs. Unlike the CM design,
the TO outputs account for the stiffness of the mirror in the optimization. The resultant
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geometries are truss-like and have members directly connecting the mounting pads on the
mirrors to the spindle. Note how the plane of the trusses acts to reduce the displacement
along the spindle axis. These designs also feature reinforced support at critical points to
minimize deformation under various applied loads.

Figure 10. Topology optimized concept geometry for a 10 kg target mass and long envelope.
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Figure 11. Peak deflection contour plot for the combined load case on the 5 kg short concept. A
4.23 pm maximum is reported.
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Figure 12. Peak deflection contour plot for the combined load case on the 10 kg long concept. A
3.14 pym maximum is reported.
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Figure 13. Peak deflection contour plot for the 10 N axial load case on the 5 kg short concept (a) and
for the 10 kg long concept (b). Peak deflection contour plot for the 400 RPM load case on the 5 kg
short concept (c) and for the 10 kg long concept (d).

The summarized results are presented in Table 6, where the mass and performance of
the CM design are taken as a reference and compared with both TO; and TO;. In addition
to the actual mass and deformation values for TO; and TO;, an ‘improvement’ factor is
provided as a percentage, reflecting the reduction in mass or displacement achieved.

Table 6. Mass and FEA Results for the three Case Studies (Nominal CM Design, Design 1 AM, and De-
sign 2 AM). The percentages represent the reduction in mass or reduction in surface displacement
along the spindle axis.

Nominal CM TO;1 AM Short Envelope TO,; AM Long Envelope
. . 52kg 10.2 kg
Mass of assembly excluding mirrors 15.5kg 66.45% 34.199%
Deformation induced by centrifugal 6.8 um 1.17 pm 1.11 pm
force at 400 RPM s 82.79% 83.68%
Deformation induced by cutting 3.9 um 3.08 pm 2.04 pm
forces of 10N “H 21.03% 47.69%

A significant 80% reduction in deflection was achieved when the assembly was sub-
jected to rotational force, while improvements of 21% and 47% were observed in the
deflection induced by cutting forces for the 5 Kg and 10 Kg TO, respectively. As mentioned,
the recorded stress levels, though monitored, were not a primary concern, primarily due to
the high stress tolerance of the AlSi10Mg material used in the designs. This material offers
a favorable combination of strength and flexibility, making it well suited for applications
requiring both lightness and durability.

5. Discussion

TO and AM have the potential to enhance the precision and efficiency of the Single-
Point Diamond-Turning manufacturing process by optimizing fixture rigidity and re-
silience to the manufacturing stress. They also have the potential to further reduce the
weight of large assembly and aperture, especially for cases such as deployable primary
mirrors, helping with the handling of parts and the iteration between machining and
“off-machine” metrology.
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Although there are some clear benefits to using AM, 3D printing of large parts, such as
the ones presented in this paper with a diameter of 600 mm and a thickness of 200 mm, can
be challenging and the process may be long and costly. The volume capacity of current LPBF
machines can also be limited to smaller dimensions. One solution could be to split the whole
assembly into four rotationally symmetrical sections (one section is shown in Figure 14),
which could therefore be printed on conventional LPBF machines. This segmentation not
only facilitates printing but could also significantly reduce the stress and potential thermal
distortions typically encountered in large-scale LPBF printing. Each section could be
designed to be self-supporting at a 45-degree critical angle, optimizing the printing process
by minimizing the need for additional support structures and streamlining post-processing,
despite a possible increase in Z height and print time. The four subassemblies can then be
reassembled on a backing plate and positioned on the machine spindle as one single unit.
The flat interface with the segment can be prepared and rectified with a high-speed ball
end mill [21] so that all planes are post-processed in the same setup, minimizing potential
errors induced by removing and reattaching the fixture to the machine’s spindle.

Figure 14. Split concept for a better compatibility with the production.

An alternative method of manufacture could be explored using investment wax
casting [22], a process renowned for its accuracy. It involves creating a wax model of the
entire TO fixture (or a sand mold). This model is then encased in a refractory material to
form a mold. Once the mold is heated, the wax melts away, leaving a cavity in the shape of
the fixture. Molten metal is then poured into this cavity, creating a single, unified piece that
mirrors the intricate design of the TO fixture. This method could be beneficial for producing
complex geometries and large-scale components, which are often challenging or impractical
with LPBF due to size limitations and the need for support structures. Additionally, casting
the fixture as one piece significantly reduces the risks associated with segmenting and
reassembling multiple parts. It eliminates potential misalignments or inconsistencies that
might arise from assembling several printed sections. This ensures a higher degree of
structural integrity and uniformity in the final product.

6. Conclusions

The topology optimization process at AMRC yielded two distinct outputs, primarily
focused on reducing mass while maximizing stiffness. These designs feature reinforced
supports at crucial points, balancing lightweight construction with enhanced structural
integrity. FEA revealed that both designs significantly outperformed the reference CM
model. Specifically, TO; demonstrated a 66.45% mass reduction and substantial decreases
in deformation (82.79% under centrifugal forces at 400 RPM and 21.03% under 10 N cutting
forces). Similarly, TO, achieved a 34.19% mass reduction, an 83.68% reduction in deforma-
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tion from centrifugal forces, and a 47.69% reduction in deformation from cutting forces.
In-depth examination of the topology optimization for the metal optics fixture presented
an innovative design that not only minimized mass but also met or surpassed deflection
standards. Both design variants shared key structural features, such as truss-like arms
extending from the spindle interface to the metal optics interfaces, enhancing bending
stiffness. A distinctive plate-like feature on the design envelope’s upper surface, formed
in response to rotational loads, was also observed. Both designs exceeded mechanical
requirements, suggesting that a more aggressive optimization approach could further
reduce weight. However, our conservative strategy incorporated additional factors like
rotational symmetry and dynamic acceleration criteria, ensuring compatibility with PTC
Creo Version 9.0.2.0. This approach, combined with additive manufacturing considera-
tions, underscores the transformative potential of TO and AM in refining Ultra-Precision
manufacturing processes.
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Abstract: The spaceborne solar observation system is crucial for the study of space phenomena
such as solar flares, which requires high tracking accuracy. This study presents a coupling model
that integrates mechanical, electrical, and control models to investigate the structural flexibility
effect on the micro-vibration response. We established a rigid—flexible model using mechanical
parts. We considered the influence of flexible features while studying the dynamic responses in its
operation. The state-space equations of the system showed that modal frequency, damping, and
modal participation factors played significant roles. We derived transfer functions using the Laplace
transform of the coupling models to better understand this mechanism, and Simulink models were
thereby established. We simulated the acceleration responses of the rigid—flexible and rigid models
under angle tracking modes, and the results showed significant differences. We also simulated the
acceleration responses of the models under various control frequencies, and the optimal control
frequency was thus obtained. Finally, we performed experiments, and the results indicated that the
rigid—flexible model could better predict the motion and acceleration responses for the spaceborne
solar observation system. This study provides valuable information for understanding the role of
flexible features in space performance high-tracking accuracy instruments and for micro-vibration
suppression research.

Keywords: satellites; 2D turntable; structural flexibility; micro-vibration; mechanical-electrical—
control coupling; Simulink model

1. Introduction

The Earth is influenced by powerful electromagnetic radiation and high-energy parti-
cle radiation released from solar activity. Solar flares are among the most violent explosions
in the solar atmosphere and are a major focus of space science research [1,2]. Unfortunately,
high-energy particles and electromagnetic solid radiation pose a fatal threat to space facili-
ties and deep space exploration safety. High-energy particles can easily break through the
surfaces of satellites, causing charging and discharging in satellites and even destroying
spaceborne equipment [3]. A spaceborne solar observation system (SSOS) is an important
tool for achieving the real-time tracking, observation, and analysis of the Sun. The SSOS
must have high tracking accuracy to achieve real-time and accurate observation data.

The SSOS two-dimensional (2D) turntable presented in this study is a typical mechanical-
electrical-control coupled system that generates disturbing forces and torques during the
tracking rotation. These forces and torques are caused by manufacturing, assembly and
control errors, posing a significant threat to spacecraft pointing and tracking stability,
commonly known as the micro-vibration effect [4-7]. When these forces are coupled with
structural modes, resonance will occur, which may cause catastrophic impacts in many
fields, such as earthquakes [8,9]. In aerospace, resonance may cause a decrease in satellite
pointing accuracy and stability accuracy, further affecting the performance of satellite
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payloads [10]. Therefore, the flexible vibrations of the structure’s turntable cannot be
ignored and must be considered when designing SSOS systems.

When studying the published literature on the modeling of spaceborne 2D turnta-
bles, we discovered that the published literature is primarily focused on control system
design [11,12], structural design, and structural dynamic modeling [13-17]. Wang [11]
used non-magnetic technology to study turntable pointing accuracy and motion control,
analyzed the influence of the servo control parameters on the dynamic performance and
steady-state error, and tested the turntable angular positioning accuracy. Zou [15] inves-
tigated the micro-vibration characteristics of a spaceborne 2D turntable and conducted a
modal and frequency response analysis of the structure, which were later verified by exper-
iments. Yao [18] established the governing equations of the semi-rigid joints and integrated
them into the dynamic equation of the deployable structure. The research mentioned above
did not combine a control system model with a structural dynamics model. Moreover,
the rigid—flexible coupling effect has not been considered, and the influence of structural
high-frequency vibrations on the rigid body motion has been ignored. The challenge is that
satellites and their payloads are extremely sensitive to high-frequency micro-vibrations,
which can be particularly problematic for deep space exploration. For example, the pixel
offset for a high-resolution camera is limited by the frequency [19]. The higher the observa-
tion frequency is, the lower the amplitude of the pixel offset that can be tolerated becomes.
Several satellite images are blurred under the influence of micro-vibrations [20]. Thus,
the rigid—flexible coupling cannot be ignored and it should be considered in the model of
the SOSS.

To fully consider the impact of the resonance on the SOSS system, this study develops a
coupling model integrating mechanical, electrical, and control models. We also investigate
the impact of rigid—flexible coupling on this model by establishing a rigid—flexible model
(R-F-model) and a rigid model (R-model). This study can provide a reference for the design
and optimization of the SOSS system.

The following sections of the paper detail our research on the mechanical-electrical-
control coupling model. In Section 2, we explain how we derived the transfer function
model using the Laplace transform. In Section 3, we present simulations of the R-model and
R-F-model acceleration responses under angle tracking mode. We also simulate acceleration
responses under different control frequencies to determine the optimal control frequency.
Section 4 outlines the experiments we performed and discusses the results. Finally, in
Section 5, we summarize our findings and conclude this study:.

2. Mechanical-Electrical-Control Coupling Model of the Spaceborne Solar
Observation System (SSOS)

The SSOS is an exciting system that comprises a 2D turntable and an observation
payload. The 2D turntable contributes majorly to the dynamic response, and it is composed
of various components: a motor, a measurement feedback device, a drive controller, and a
power supply. Figure 1 depicts the schematic diagram of the system, illustrating that the
SSOS is a typical mechanical-electrical-control coupled system.

This section establishes the mechanical-electrical-control coupling model, which
consists of mechanical, electrical, and control models. We established the R-F-model and
R-model to investigate the influence of the structural flexibility on the model’s accuracy.

2.1. Mechanical Model

Based on Newton’s Law, the SSOS mechanical dynamics model based on its rotational
degrees of freedom is expressed as follows [21]:

d?0 do

+B> =T.—T, 1)

Jogz 85
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where 6 is the rotation angle, Jy is the moment of inertia of the motor rotor, B is the
damping torque coefficient, T, is the motor torque, and T; is the inertial torque. Due to the
approximately unconstrained rotation of the rotor, the stiffness part is ignored.

Position
command Position Velocit Current
—(X)— Y — Inverter » Motor » Turntable
X Controller Controller Controller
Current
feedback
Velocity
feedback
Position
feedback

Figure 1. Schematic diagram of the spaceborne solar observation system (S50S). (® is a summation
block and “—" is a minus sign).

The inertial motion of the moving components generates an inertial torque. Therefore,
when the structure is assumed to be a rigid body, the angular acceleration of the rotating
component generates an inertial torque. The turntable’s motion includes its rigid body
motion and elastic vibrations when the structure is assumed to be an elastic body. Therefore,
the rigid—flexible coupling characteristics should be considered. The inertial torques of the
R-model and R-F-model are established to analyze the impact of the structural flexibility,
as follows.

(a) Inertial torque of R-model
Assumptions:

For the R-model, the rotating component is assumed to be a rigid body.
The inertial torque of the rigid body can be expressed as:

d?0

ﬁ/ (2)

Tr="

where [ is the moment of inertia of the SSOS rotating component.
(b) Inertial torque of R-F-model

Assumptions:

For the R-F-model, the rotating component is assumed to be a flexible body, so the
flexible vibration and the rotational motion of the rotating component are coupled.

The rigid—flexible coupled dynamics equations are expressed as follows:

d%e
[ hT mp:| 7 dTl
my I, % —Z(fAdiz — A21]

, ®)

where 7 is the modal coordinate vector, m,, is the modal participation factor matrix, A is
the modal frequency matrix, I, is the n-order identity matrix, n is the modal order, and ¢
is the modal damping ratio. Finite element analysis can be used to determine the modal
participation factors and modal frequencies, and engineering experience suggests that the
modal damping ratio is between 0.03 and 0.05 [22]. The inertial torque can be obtained by
solving Equation (3).

2.2. Electrical Model

This section presents the motor torque, and the voltage equation of the motor circuit is
expressed as follows:

Ri—l—L%—u—u 4)
g T hagy = Ug T Ue
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where R is the circuit resistance, i, is the current, L, is the inductor, and u, is the voltage.
Moreover, 1, = K.d60/dt is the counter electromotive force generated by the rotation of the
motor, and K, is the counter electromotive force coefficient. The motor torque is expressed
as follows:

T, = Kiig, (5)

where K} is the motor torque coefficient. The motor voltage and torque equation derivations
are presented in Appendix A [23].

2.3. Servo Control Model

The SSOS adopts a three-loop control system, as shown in Figure 1. The speed loop
and the current loop are proportional-integral (PI) controllers, with proportional control of
the position loop. The control instruction of the position loop is expressed as follows:

Wr = Kpﬂe(?/ (6)

where ¢y = 6y — 0 is the angle error, 6 is the angle instruction, 6 is the feedback angle, and
K is the parameter of the position loop controller.
The speed loop control instruction is expressed as follows:

At
ir = Kpwew + Kiw ; ewdt, (7)

where ¢, = w;, — Pw is the angular velocity error, § is the angular velocity feedback
coefficient, w is the mechanical angular velocity of the motor, w = d6/dt, and K., and Kj,
are the parameters of the speed loop controller.

The control instruction of the current loop is expressed as follows:

At
ur = Kyie; + Kij A e;dt, (8)

where ¢; = i, — aiy is the current instruction, « is the current feedback coefficient, and Kpi
and K;; are the parameters of the current loop controller.

The inverter is simplified as an inertial system, and the relationship between the
output voltage and the input voltage is as follows:

du 1 K
Xy — DPWM,, ©)

dt " Tpwm T Tewm
where Kpyp and Tpyyy are the inverter gain and the time constant, respectively.

2.4. State-Space Equation of the System

This section establishes the state-space equation of the system based on the discussions
in Sections 2.1-2.3. The mechanical-electrical-control coupling model is obtained based on
Equations (1)—(9):

di .
L5+ (KpiKpewP + K )% = G — (R+a)i,

2 ) , (10)
Jod# +B% = Kiig — T,
where
At At
G= KpiprKpgeg + KpiKiw o ewdt + K o e;dt. (11)
The state-space Equation (10) is expressed as follows:
L o [T(R+a) 0 —(KuiKpwp +Ke) G
1 i 0 0 1 x+ | 0 |. (12)
Jo K; 0 —B -T
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(a) State-space equation of the R-model
We define i; = x1,0 = xp,df/dt = x3 and combine Equations (2) and (12). The
state-space equation of the R-model can be expressed as follows:

L, i [TR+a) 0 —(KyiKpwp +Ke) G
1 == 0 0 1 x+ |0]. (13)
Jo+ K 0 —B 0

(b) State-space equation of the R-F-model
We definei; = x1,0 = xa, % = x3,dy/dt = [x4,%5,..., %13 ,and 5 = [Xyiq, Xpis, ...,
x2,43]T, and combine Equations (3) and (12). Then, the state-space equation of the R-F-

model can be expressed as follows:

L, —(R+a) 0 —KjKpwBp—K, 0 0 G
1 0 0 1 0 0 0
dx
Jo+J1 my b K 0 -B 0 0 |x+(of. (14)
mpT I, 0 0 0 —20A —A? 0
I 0 0 0 I, 0 0

Equation (13) lacks some critical parameters, such as the modal frequency, damp-
ing, and participation factor, which are essential in actual structures. In contrast, these
parameters significantly contribute to the description of the rigid—flexible coupling char-
acteristics in the state-space equation of the model, as shown in Equation (14). Based
on the above information, the importance of the R-F-model is indicated by comparing
Equations (13) and (14).

2.5. Transfer Function and Simulink Model of SSOS

It is challenging to quickly determine the impact of the relevant factors on the SSOS
performance using the state-space model obtained in Section 2.4. Therefore, we established
a Simulink model to simplify the process, which required the use of transfer functions
obtained by performing the Laplace transform of each module in Sections 2.1-2.3. The
mechanical model’s transfer function is expressed as follows:

0(s) 1
= ) 15
Te(s) — Ti(s)  Jos? + Bs (15)
The motor transfer function is expressed as follows:
ig(s) 1
= —K . 1
ug(s) R+ Lgs es6(s) (16)
The position controller transfer function is expressed as follows:
wr(s)
= Kpp. 17
eg(s) v a7
The speed controller transfer function is expressed as follows:
ir (S) Kiw
L =K . 1
The current controller transfer function is expressed as follows:
ur(s) Kii
— = =K, + —. 1
ei (S) pt + s ( 9)
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The transfer function of the inverter is expressed as follows:

ug(s) __ Kpwm
My(S) 1 + TPWMS.

(20)

The transfer function of the inertial torque of the R-model is expressed as follows:

Ti(s)
0(s)

The transfer function of the inertial torque of the model is expressed as follows:

= J;s%. (21)

-1
= J1s® —m, (Insz LA 2gAs) m]s*. 22)
Note that Tj(s) = Tjo(s) + T(s), where Tyy(s) is the rigid torque, and T (s) is the
flexible torque. Then, Equation (22) is divided into two parts, where the transfer function
of the rigid torque is expressed as follows:

Tio(s)
o) = J152. (23)

The transfer function of the flexible torque is expressed as follows:

-1
= mp (1is? + A2 +28As) s, (24)

As illustrated in Figure 2, we combined the transfer functions of the modules men-
tioned above to create two schematic diagrams, where (a) shows the schematic diagram of
the R-model, and (b) shows the schematic diagram of the R-F-model.

e r 7
K +£ PWM
LA TS +1
o |4
Current Loop
B |«
L~ )
Velocity Loop
1

A

Figure 2. Cont.
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TFQ (L5 + 4 +2815) FI s

Flexible Modula

PR
Tops+1

L

Current Loop

Figure 2. Schematic diagrams of transfer functions of the system (® is a summation block and “—" is
a minus sign): (a) schematic diagram of the rigid model (R-model), and (b) schematic diagram of the
rigid—flexible model (R-F-model).

3. Simulations of SSOS

We established a Simulink model to analyze the SSOS dynamic characteristics based
on the schematic diagram in Section 2. The natural frequency of the turntable may couple
with the excitation frequency, causing resonance. Therefore, it is necessary to calculate
the natural frequency of the turntable structure. These external excitations may arise from
the control frequency of the motor, motor noise, and nonlinear factors. Thus, we built
a finite element method (FEM) model of the 2D turntable to investigate the effect of the
rigid—flexible coupling characteristics. Moreover, we obtained the modal frequencies and
participation factors [8,9] of the SSOS through FEM analysis and additional calculations.

3.1. Finite Element Method (FEM) Modeling and Simulations of Two-Dimensional (2D) Turntable
3.1.1. FEM Model and Modal Analysis

The 2D turntable has dimensions of 463 mm x 336 mm x 550 mm and weighs 23 kg.
The 2D turntable FEM model was established. A mesh convergence study was conducted
and mesh size 10 was adopted. The first 10 modes were calculated through modal analysis.
Figure 3 depicts the first three modal deformation cloud diagrams, and Table 1 presents the
first 10 modal frequencies. The natural frequencies of the 2D turntable are all higher than
100 Hz, and 0.03 is the modal damping ratio.

Ist mode

Figure 3. First three modal deformation cloud diagrams.
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Table 1. Modal frequency and participation factors.

1 2 3 4 5 6 7 8 9 10
Modal
119.6 133.0 180.2 314.1 332.6 465.0 472.1 635.3 647.9 667.2
frequency
X -0.026 —-1.116  —0.111 0.004 —0.280 0.012 —0.020 —0.003 —0.003 5x107°
Y —0.006 0.056 —0.390 —1x10"° —0.005 0.063 —0.088 —0.005 —0.006 0.001
V4 —1.124 0.024 0.016 0.389 0.003 0.002 —0.001 —0.002 —0.004 0.016

3.1.2. Modal Participation Factors

Since the turntable only moves via rotation, the rotational modal participation factor
is expressed as follows:
N
my = Z mr; X ®;, (25)
i=1
where m; represents the mass of node i, N is the total number of nodes, r; € Rj 3 is the
vector of node i relative to the reference point, and ®; € Cz, represents the modal vector
matrix of node i, where 7 is the modal truncation order. We calculated the generalized
modal effective mass and its proportional factor relative to the moment of inertia to
determine the modal truncation order. The modal effective mass of the first # modes
is expressed as follows:

Mgy () = my(n)m, (n). (26)

The proportional factor of the first n modal effective masses is expressed as follows:

factor(n) = 3 (Mfff nn) | Mepaln) | Meprsol) ) 7)

3 Jxx Tyy Jzz

We computed the first 10 modes’ participation factors (unit: m - \/kg) based on
Equation (25), and the results are presented in Table 1. Moreover, we calculated the first
five modes’ proportional factors, based on Equations (26) and (27), as shown in Figure 4,
where each column represents the proportional factor of the first # modes. The larger the
proportional factor is, the closer it is to the actual vibration.

Il Mode 1
[ IMode 2
Il Mode 3
I Mode 4
I Mode 5

o
%

o
=N

Proportional factor(%)
j=1
=

e
o
:

Modal orders

Figure 4. Proportional factors of the first five modal effective masses.

Figure 4 shows that the modal proportional factors of the first three modes reached
80%. As the modal order increased, the proportional factor increased slightly. As a result,
the modal truncation order was selected as 3 in the simulation, considering both the
accuracy and the calculation complexity.
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3.2. Simulation of SSOS

In this section, we established a Simulink model, which was used to perform simu-
lations with the R-model and R-F-model to analyze the impact of rigid—flexible coupling
on the turntable’s rotation angles and acceleration responses. Thereafter, we performed
simulations with the R-model and R-F-model for different control frequencies to obtain
the optimal value of the control frequency. The control frequency represents the number
of instruction signals per second. In order to avoid resonance caused by coupling be-
tween the control frequency and the natural frequency of the turntable, we selected control
frequencies that are lower than 1/10 of the turntable’s natural frequency.

3.2.1. Simulink Model

The Simulink simulation model of the R-F-model was built based on the schematic
diagram in Figure 2. Some parameters of the turntable’s pitch axis are presented in Table 2,
and the flexible module was disabled when R-model simulations were conducted.

Table 2. System parameters.

Parameter Value Parameter Value
Ko 38.18 K, 0.19
Kpw 18.84 Ky 0.21
Kiy 6.27 L, 9.6 x 10~* (H)
Ky 2.02 R 1.56 (Q))
K 315.13 Ta 6.17 x 1074
Kpwm 13.86 K, 0.64
Trwm 0.001 h 0.036 (kg-m?)
B 0.0033 Jo 7.21 x 107> (kg-m?)

3.2.2. Acceleration Response Simulation under Angle Tracking Mode

The SSOS mainly operates in an angle tracking mode, and its axis always points to the
Sun. The solar altitude from 6:00 to 6:01 on March 24 was selected based on the simulation
input data, and the control frequency was 1 Hz. Figure 5a shows the tracking angle of
the R-F-model and R-model, where the red solid line is the curve of the R-F-model. The
green dotted line is the curve of the R-model, and the blue dashed line is the input angle.
Figure 5b depicts the R-F-model and R-model angle tracking errors. Figure 5 shows that
the angles of the R-F-model and R-model are similar, and the angle tracking errors are less
than 5”. Based on this figure, theoretically, the turntable’s structural flexibility with high
natural frequencies has little influence on the angle tracking.

- --R-F-model
5t \ R-model

gt it
! i |
Il!' ﬂ‘,!mu li i
i|||||II| i [1H]
2 e i,'.;;ﬁr.:'"':'::é- i

4 o
< N RN
©3 | ’lé,&'luiﬂal

i '::im’.u e e i it |
~iopurangle 1 {ig::;;;:i:z:ﬂ:‘;:;‘::}izg‘:,y,r;;ﬁfa: “ : L,.";g':j*:%i!i it
— R-F-model i e %liﬁhlﬁl! sl fii fih
‘ ‘ ‘ I R-model 0 LI R Rt (R (AU i il ! i1
0 10 20 30 40 50 60 0 10 20 30 40 50
Time(s) Time(s)
(a) (b)

Figure 5. Solar altitude angle: (a) tracking angles of the two models and (b) tracking errors of the
two models.
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Figure 6 shows the acceleration spectral curves, indicating that the acceleration spectra
of the R-F-model generated peak responses in high frequencies caused by structural flexi-
bility compared with the R-model. Eventually, the extra responses caused by the structural
flexibility would affect the SSOS. The simulation results indicate that the rigid—flexible
coupling characteristic has little influence on the angle tracking of the simulation model.
However, this rigid—flexible coupling affects the high-frequency distribution of the acceler-
ation spectrum. This mechanism is essential for a spaceborne SSOS, as micro-vibrations
at a high frequency may negatively affect the satellites” stable precision and the image
definition of optical cameras. Therefore, this issue requires attention, which is verified in
Section 4. Overall, the proposed coupling model can describe the difference between the
R-model and the R-F-model.

——R-F-model
——R-model

100 200 300 400 500
frequency(Hz)

Figure 6. Acceleration spectra.

3.2.3. Acceleration Response Simulations under Various Control Frequencies

We input the angle commands at different frequencies to conduct dynamic simulations,
selecting the solar altitude from 6:00 to 6:01 on March 24 as the simulation input data, where
the control frequencies were 0.2, 1, 2, 5, and 10 Hz. The maximum angle tracking error
curves under different control frequencies were obtained through simulations, as shown
in Figure 7, where the solid blue line is the R-F-model’s simulation result, and the dashed
red line is the R-model’s simulation result. These results indicate that the angle tracking
error decreases as the control frequency increases. The maximum angle tracking error is

less than 5”, and it satisfies the angle tracking requirement when the control frequency is
higher than 1 Hz.

18 : ; T
! —A—R-F-model | |
6 —0O— R-model
14 1
12+ 27 1
—~ 268}
El 2]
2.64
5 8r 2.62 1
61 496 4985 502504
4 | -
2+ —
0 Il L 1 1
0 2 4 6 8 10

Frequency of input(Hz)

Figure 7. Maximum angle tracking errors under different control frequencies.

134



Aerospace 2024, 11, 65

Figure 8 shows the acceleration spectral curves under different control frequencies,
where (a) shows the acceleration spectral curve of the R-F-model, and (b) shows the accel-
eration spectral curve of the R-model. The third modal frequency of the turntable is 180.2
Hz (Table 1), which amplifies the vibration of the turntable, resulting in a peak acceleration
at about 180 Hz in Figure 8. Moreover, the acceleration peak value increases as the control
frequency increases. We calculated the acceleration response’s root mean square (RMS)
values under different control frequencies, as shown in Figure 9a. Interestingly, the RMS
of the acceleration response of the R-F-model is two times larger than that of the R-model.
The RMS of the acceleration response shows an upward trend as the control frequency
increases. To obtain the optimal control frequency of the SSOS, the acceleration RMS and
maximum angle tracking error were plotted, as shown in Figure 9b. The acceleration RMS
and the angle tracking error shows opposite trends. When the input frequency was 2 Hz,
the angle tracking error is less than 5”, lower than the precision SSOS requirement. The
angle tracking error tends to be convergent, and the acceleration RMS is relatively small at
the same time. As a result, 2 Hz was selected as the control frequency when developing

the SSOS.
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Figure 8. Acceleration spectral curves: (a) acceleration spectra of the R-F-model and (b) acceleration
spectra of the R-model.
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Figure 9. (a). Acceleration root mean square (RMS) under different control frequencies. (b) Accelera-
tion RMS and maximum angle tracking error of R-F-model (the blue circles represent the acceleration
RMS, and the red triangles represent the angle tracking error).

4. Experiments

We set up an SSOS experimental system to further prove the effectiveness of the
coupling model and the research value of flexible features in high-accuracy spaceborne
tracking instruments.

4.1. Experiment Setup

Figure 10a shows that the experimental system comprised a 2D turntable, three ac-
celerometers, a signal acquisition system, a controller, a power supply, and a computer with
control software. The type of the controller is Elmo’s BMTWID20SE. The accelerometers (P1,
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P2, and P3) were mounted on the rotating component of the 2D turntable. The experimental
setup is shown in Figure 10b. The angle command curve was input to the control software
to realize a continuous observation of the Sun, and the control frequencies were set to 1, 2,
5, and 10 Hz.

Accelerometer

Controller

Turntable

S . A
% PC Signal acquisition
system

Power supply
Turntable

PC

Signal
acquisition
system

(b)

Figure 10. Experimental system: (a) schematic diagram and (b) experimental site.

4.2. Processing and Analysis of Experimental Data

Figure 11 shows the acceleration spectral curves, which are measured using accelerom-
eters. The control frequency is 2 Hz, where the blue solid, red dashed, and yellow dotted-
dashed curves represent the acceleration results measured using P1, P2, and P3, respectively.
The purple dotted curve shows the R-F-model simulation result, while the green curve
shows the R-model simulation result. The measured acceleration results show that there are
peaks between 100 and 200 Hz, indicating that resonances are generated by the coupling of
the turntable’s structural modes and the excitation frequency. The R-F-model simulation
result replicates the 2D turntable’s vibration characteristics in the high-frequency regions,
and its predictions were closer to the experimental results than those of the R-model. The
results showed that the mechanical-electrical-control coupling model could better reflect
the SSOS dynamic characteristics than the traditional rigid-body model when considering
rigid—flexible coupling characteristics.

We conducted tests to measure the acceleration responses at different control frequen-
cies (1, 2, 5, and 10 Hz). In Table 3, the experimental results of the acceleration peak values
and the corresponding frequencies are compared with those obtained with the R-F-model.
The average error of the frequencies is approximately 10.3%, while the average error of the
peak value is approximately 29.9%. The frequency errors of the R-F-model are smaller than
the ones of the R-model. However, the peak value errors are relatively large because it is
difficult to simulate all system characteristics, such as the structural damping ratio and
the nonlinear factors. However, the simulation model still simulates the high-frequency
vibrations of the system. The simulation results can help to predict the micro-vibration
frequencies and provide suggestions for vibration isolation design.
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Figure 11. Comparison of experimental and simulation results of acceleration.

Table 3. Frequencies and peak values of the simulations and experiments.

Frequency of Freque-ncy of Peak Value of Pealc V-alue of Peak Value
. . Experiment Frequency Error . . 2 Experiment
Simulation (Hz) Simulation (m/s”) 2 Error
(Hz) (m/s?)
1Hz 177.5 161.3 10.0% 0.0077 0.0055 44.0%
2Hz 1771 160.8 10.1% 0.0081 0.0063 28.6%
5Hz 177.3 160.8 10.3% 0.0092 0.0073 26.0%
10 Hz 177.6 160.5 10.7% 0.0093 0.0077 20.8%

5. Conclusions

The purpose of this study is to investigate how the elastic characteristics and control
frequency impact micro-vibration acceleration responses in a high-precision SSOS. To
achieve this goal, we developed the R-F-model and R-model of the SSOS, and analyzed
the effect of rigid—flexible coupling by establishing the state-space model. We then built
a Simulink model using the Laplace transform to derive a transfer function model. By
simulating the R-F and R-model acceleration responses under the angle tracking mode,
we observed differences when flexible features were considered. Specifically, the RMS
of the model’s acceleration response was found to be two times larger than that of the
R-model. We also conducted simulations with various control frequencies to determine
the optimal value. Finally, we conducted experiments and validated the theoretical model
and simulation results using measured data under different control frequencies (1, 2, 5, and
10 Hz). Our findings suggest that the flexibility of the structure affects the high-frequency
distribution of the acceleration spectra and poses threats to the high tracking accuracy. This
study highlights the significance of elastic structures in dynamic response and provides a
valuable reference for the design and micro-vibrations of spacecraft structure systems.
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Appendix A

In the d- and g-axis coordinate systems [23], the motor magnetic linkage equations are
expressed as follows:
Yq=Laig+¥m

; , (A1)
Yy = Lgig

where ¥; and ¥, are the magnetic linkages along the d-axis and g-axis, respectively; Ly
and L, are the inductances along the d-axis and g-axis, respectively; iz and i, are the
currents along the d-axis and g-axis, respectively; and ¥, is the magnetic linkage of the
permanent magnet.
The voltage equations of the motor are expressed as follows:
ug = Rig+ T — ¥y = Rig+ Lg% + T 9,
ug = Rig+ 0 4 w0, ¥y = Rig + L5 + w, ¥y

, (A2)

where u, is the voltage along the d-axis, 14 is the voltage along the g-axis, we is the electrical
angle, w, = pn%, pn represents the pole pairs of the motor, 0 is the motor angle, and R is
the resistance.

The motor torque equation is expressed as follows:

Te = pn[¥miq + (La — Ly)iaig), (A3)

where the first term is the magnetic excitation force, and the second term is the magnet
restraining torque.

Using the i;= 0 control strategy, the required current is the minimum, and the max-
imum torque can be obtained per unit current. In this case, the magnetic linkage is
expressed as

Yy =%y
L (A4)
¥y = Loy
and the voltage equations are expressed as
d¥m ;
ug = St — wequq (A5)

. d
ug = Rig + Lq% + we¥i
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Abstract: This article describes a new alternative approach to satellite constellation deployment
by incorporating momentum exchange tethers (METs). Traditional methods of deploying satellite
constellations have limitations, typically involving costly propulsion systems and extended dispersion
times. METs offer a novel solution by efficiently transferring momentum between tethered objects,
reducing the need for onboard propellants and streamlining the deployment process. This article
discusses orbit design and maneuvers for different mission architectures using asymmetrical and
symmetrical tether release techniques to deploy satellites into designated orbits. In addition, a short
walkthrough of designing one possible constellation is given, showing how quickly a MET-deployed
constellation can be established in low Earth orbit (LEO). This work contributes to ongoing research
investigating the applicability of METs in satellite constellation deployments, which could potentially
be a new opportunity for MET technology to start seeing routine usage in the space environment,
and also enable new constellation architectures that have not yet been realized.

Keywords: satellite constellation; momentum exchange tether; satellite deployment; orbit design;
mission design; small satellite

1. Introduction

The space industry is experiencing a surge in new satellite constellations, some of
which are much larger than those originally conceived in the 1990s, creating a new category
commonly referred to as “mega-constellations” [1]. Despite advancements in satellite
technology through the decades, the process of deploying these constellations still relies
on traditional methods, such as orbital transfer vehicles or significant propulsion systems
onboard each satellite, which still pose the same challenges for constellation operators,
largely revolving around dispersing their satellites in orbit [2,3]. Momentum exchange
tethers (METs), a non-traditional propulsion method, could be a solution to alleviate some
of the difficulties associated with satellite deployment and dispersion. MET-equipped
deployers or orbital transfer vehicles (OTVs) could be made to rotate payloads on tethers
and release them, providing rapid AV changes without necessarily requiring propellant-
based systems. Early research insights have determined that they could simplify and
expedite constellation deployment, reducing deployment times from years to weeks.

For this new concept blending the practices of satellite constellations and METs, this
article will explain some of the basic concepts and considerations involved, which could
be used to support potential future constellations. While not an exhaustive explanation of
all factors to consider, it nonetheless provides a collection of building blocks to help start
designing such a constellation. This article includes insights specifically on tether-deployed
constellation orbit design and a conceptual deployment walkthrough. After introducing
the existing technology, challenges, and significance of this research, five different questions
for orbit design are discussed, the answers to which help narrow down options that can be
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selected for different constellation architectures. One of these options is then selected for a
conceptual constellation of 12 satellites, deployed using one of the simplest approaches
described here.

2. Existing Technology and Challenges
2.1. Satellite Constellations

A satellite constellation is a group of coordinated satellites designed for specific
tasks, like telecommunications or Earth observation. Recent interest in constellations for
applications like these has led to plans by companies like SpaceX, OneWeb, and Amazon
to develop and launch large constellations, with others in development [4]. Additionally,
several other constellations are currently being considered and developed by government-
backed research and defense organizations. These systems are typically placed in orbit
either one by one on separate launch vehicles, or in batches on a single launch with
additional propulsion for spreading them out later. For missions involving multiple
satellites per launch, the usage of OTVs is an additional option to consider. Regardless,
these options are costly in terms of finances, materials, and time, especially for smaller
organizations and academia [2,4,5]. Each approach presents challenges for constellation
operators with factors that can be complex to consider and settle on a solution for, and
further become even more difficult to handle when dealing with logistics and execution. The
ongoing research described in this article is primarily focused on constellations constructed
from batches of smaller ride-sharing satellites as opposed to larger single satellites with
dedicated launchers. Some challenges associated with ride-sharing satellite delivery for
satellite operators include the following;:

e  Flying with an OTV spacecraft offers much more flexibility, but also relies on interac-
tion with the OTV provider, and can again be costly due to the inherent specialization
of the orbit delivery process of multiple onboard spacecraft. If the propulsion system
included onboard the OTYV is electric based or some other low-thrust system, the time
to fully deploy each constellation spacecraft can be lengthy due to the low acceleration
and resultant time to achieve AV to spread properly.

e Including onboard propulsion systems in a single-launch constellation offers more
flexibility, but also comes with design and operation challenges. Some teams may
not be able to handle the complexity, mass, and cost of these systems. Ensuring their
reliability and on-orbit operation is another challenge on top of this.

O While chemical propulsion is impulsive and can be used for rapid deployments,
their relatively inefficient usage of mass can make them incompatible with
some small satellite designs.

@) More efficient propulsion solutions like electric propulsion are available, and
are more commonly used on constellations, but require more extensive disper-
sion times, typically in the order of months.

O For even smaller satellites where chemical and electric propulsion systems
are too large, differential drag techniques can be used for dispersion, but
this method’s performance is irregular, limits application to low altitudes
with enough atmospheric interaction, and contributes to orbit decay, reducing
satellite lifetime.

2.2. Momentum Exchange Tethers

Tether technology in space is not a very common practice, but it has been seen on
a variety of missions. The first demonstration of this technology dates back to NASA’s
Gemini XI mission in 1967, which incorporated a 30 m tether connecting the crewed Gemini
spacecraft with the Agena target vehicle. This system rotated and induced a light artificial
gravitational acceleration for roughly 3 h, then disconnected and sent Gemini and Agena
in separate opposing directions as part of a tether dynamics experiment [6]. Since this
time, most missions incorporating tethers have been focused on tether dynamics similar
to Gemini XI, electrodynamic tethers which rely on interactions with Earth’s magnetic
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field for propulsion or power generation purposes, or “space webs” where payloads are
connected by tethers for formation flying purposes [7,8]. Momentum exchange tethers have
seen some, but ultimately little usage in the space environment, and have also been used
for individual deployments rather than multiple, as is being investigated by the research
this article introduces.

METs are a space propulsion method that rely on the exchange of momentum between
two tether-connected objects, typically a payload and a deployer or counterweight. They
are not to be confused with electrodynamic tethers or space webs, which operate in different
ways. The MET concept involves the mechanical rotation and separation of a spinning
system, converting angular momentum into linear momentum upon release, which can
alter the objects” velocities and positions [7,9,10]. Rotation in MET systems could be
induced using either propulsion systems like cold gas thrusters (as used on Gemini XI), or
electric motorized systems [11,12]. Operating this system is similar to a shepherd’s sling
spinning and releasing a stone, like in the Biblical story of David and Goliath. Generalized
visualizations of such systems’ operations are included later in this article. A key advantage
of METs is their minimal fuel consumption (or complete avoidance thereof), making them
attractive for missions with fuel supply and storage constraints. Space tethers can serve
various purposes beyond propulsion, including station-keeping, attitude control, power
generation, and passive deorbiting, although this article focuses solely on the tether-
based deployment of constellations, particularly orbit and spacecraft design. Despite
their potential benefits, METs require precise spacecraft-tether coordination and can be
affected by environmental factors like solar wind, atmospheric drag, thermal effects, and
micrometeoroid impacts over extended periods. Their payload capacity is constrained by
mass and geometry, limiting their suitability for certain high-load missions or missions
requiring higher spin rates or torques than can be achieved by feasible drive systems [13].

METs have been tested in a very limited capacity in past space missions, and traditional
propulsion systems have remained dominant due to their broader applicability [7,9]. As
a result, the technology readiness level (TRL) of MET technology can be estimated to
be around level 6 or 7, where the technology has been demonstrated in the operational
environment of space, but has not yet been applied outside of experimental research and
development. METs that have flown specifically for momentum exchange purposes were
designed as exceedingly long tethers, such as the SEDS-1 (1993) and SEDS-2 (1994) missions
which utilized 20 km tethers [14], and the YES-2 (2007) mission which utilized a 30 km
tether [15]. These missions involved the usage of tether systems to deploy only individual
payloads. Many other efforts have conceptualized tether systems of similar or even larger
scale for applications such as skyhooks or even space elevators, but most of these are not
quite yet feasible with present resources.

This article introduces one potential application that could benefit from using tethers
which has not been previously researched: satellite constellations deployed by tethers.
Tether usage here occurs early in the mission lifetime, with a rotation and release of multiple
payloads into desired destination orbits. This research work aims to keep the design of any
applied tether systems within immediate feasibility by utilizing conventional materials
and significantly shorter tether lengths on the order of meters instead of kilometers, and
also put theory into practice by demonstrating this technology in the space environment.

Currently, the TRL of a MET-based constellation deployment system can be estimated
to be near a level 3 or 4 at the time of this article’s writing (late 2023 /early 2024), but
the overall research effort aims to raise this to the level 6-7 range. This TRL-raising
work will culminate into a technology demonstration mission called ADRASTEA that will
demonstrate symmetric and asymmetric tether release operations in the space environment
following a launch partnered with NASA scheduled for August 2024. Post-flight results
from this mission, when they are available, will be discussed in future publications.

142



Aerospace 2024, 11,182

3. Significance of Rapid Tether-Based Constellation Deployment

Tether-based deployment can offer two key advantages: quicker commissioning
timelines and, as a result, financial benefits as well. Faster timelines result from shorter
post-launch dispersion, and potentially simpler technology development depending on the
constellation producer compared to traditional propulsion system development. Shortened
timelines are produced with the utilization of pseudo-impulsive release maneuvers that
deliver velocity change quicker than low-thrust electric propulsion or passive drag, like
that used on multiple constellations such as those by Starlink/SpaceX and Planet Labs.
This shortened time from launch to operation in space can allow for faster profit realization
by getting technologies working in space sooner. Cost savings can potentially come from
eliminating the need for more complex propulsion systems and onboard propellant for
initial post-launch AV boosts (although smaller systems for later station-keeping may be
recommended). Tether systems can also be stowed compactly in form factors comparable
with the form factors of traditional propulsion systems, but also do not require expendable
propellant, making them suitable for small spacecraft like CubeSats.

This potential for faster and more affordable constellation establishment could see ma-
jor uses both around and beyond Earth. If current constellations are ever damaged at large
or made unusable, such as by large space weather events or human-caused coordinated
strikes, these assets are costly to bring back online, and can suffer periods of irregular or
unavailable coverage while in recovery. Using a tether-based approach could minimize
the internal cost and timelines of constellation recovery to rapidly respond to network
damage. These satellites could also be used for rapid deployment of private networks,
where coverage could be quickly needed over specific regions. Expectedly, constellation
establishment by traditional means could take even longer if trying to work around another
celestial body such as the Moon or Mars. If a tethered framework were to be applied
to future constellations, it could possibly be a significant accelerator in developing the
infrastructure needed in establishing manned settlements beyond Earth.

4. Materials and Methods for Designing Tether-Deployed Constellations
4.1. Conceptual Design
4.1.1. Conceptual Example “SwingSat”

Current research is exploring the potential of METs to enhance satellite constellation
deployment. The scope of this work primarily revolves around three major task areas
given below.

1.  What are some best practices for performing satellite constellation deployments
with tethers?

2. How should constellation spacecraft made for deployment by tethers be designed?

3. How does the performance of tethered constellation deployment compare against
traditional deployment methods?

Of these, task areas 1 and 2 have received the most effort to date, and work is ongoing
relating to task area 3. A summary of results from investigating task areas 1 and 2 make up
the majority of the rest of this article, focusing on orbital maneuvers and spacecraft design.
Future work will be published upon further progress in all three task areas.

For this article, a conceptual satellite constellation deployed by tethers will be dis-
cussed, and referred to by the name “SwingSat”. This constellation is not a system currently
being produced, but is solely for referring to a MET-based system when discussed in paral-
lel with existing systems. It is primarily to help give a name and a visual representation
to the reader for a system utilizing the concepts discussed throughout this article. An
example of this system has been produced in the form factor of a 3U CubeSat, which is
composed of two 1.5U halves, one being a “driver” hosting a motor drive system that
rotates the “deployer” half, which hosts one or more sets of symmetrical tether deployment
and release mechanisms for a set of small payloads. In operation, this system could spin
up both halves in opposing directions (conserving angular momentum), extend the tethers
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(in this case, tape measure booms), then upon proper alignment, speed, and timing, release
the tethers and payloads. A representation of this system is shown in Figure 1. Note that
this design is purely conceptual and as a visual aid to assist in explaining the concept.

Driver
Half
Payload
n Deployer
: Half
= \ Payload

Tether

Figure 1. SwingSat concept as a 3U CubeSat.

4.1.2. Symmetric versus Asymmetric Release

The system uses paired tethers for stability upon release, as symmetrical release
simplifies the return to a non-spinning state after deployment. Symmetrical release in this
context involves releasing two opposing tethered objects simultaneously, which, if needed,
can allow for payloads and potential counterweights of different masses and geometries as
long as the center of mass remains near the central axis of rotation. The term symmetric
is used to describe the geometry of the overall system, with a deployer in the center and
two identical tethered payloads on either side of the deployer. Asymmetrical release
involves letting go of just one tethered payload rather than two, which introduces complex
disturbances due to a rapid change in the system’s center of mass on one side, necessitating
corrections with attitude control systems, which can be non-ideal if needing to restabilize
between multiple sequenced deployments. An asymmetrical release can also alter the
deployer’s orbit after releasing a payload, which could require propulsive corrections
depending on the nature of the mission. Symmetrical release, however, preserves the
deployer’s position, as the releases of opposing masses cancel out orbit-changing forces,
assuming the released payloads’ masses and tether lengths are identical.

With symmetrical releases, one aspect that must be considered is that releasing pay-
loads into opposing directions means releasing payloads into different orbits. These two
orbital planes of prograde and retrograde released payloads can be initially approximated
as coplanar, but over significantly long periods, the effects of nodal precession can become
visible due to the minute differences in altitude and velocities of the satellites in the two
different planes. If these satellites include onboard propulsion for station-keeping; however,
nodal precession effects can be easily mitigated.

4.1.3. Tether-Payload Release vs. Tether-Deployer Release

When considering tether release methods for the payloads, the tether can utilize a
disconnection between either the tether and the payload, or between the tether and the
deployer. Visual depictions of the pre-separation, separation, and post-separation states
of such systems, for asymmetric and symmetric configurations, are given in Figures 2-13.
It should be noted that these figures are generalizations of each release type, and the true
exact locations of centers of mass are dependent on spacecraft design and may shift.
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In designs separating the tether from the payload, the tether can be left with the
deployer and leave no impact on the lifetime of the payload, aside from requiring a tether
release mechanism onboard. Such systems are visualized in Figures 2-7. If this is pursued
in a system utilizing symmetric releases, however, it is important that the timing of the
prograde and retrograde payloads’ release mechanisms are synchronized properly to avoid
potentially unstable behavior that would result from delayed release sequencing. For
example, if a prograde-released payload were one second before a retrograde payload
releasing later off-nominally in the opposite direction, the one second period between
releases would have the deployer and retrograde payload spinning in an unbalanced
fashion like an asymmetric release system, and also result in the retrograde payload being
released into an off-nominal orbital plane because of its angular displacement around the
rotating system, thus also sending the deployer into a new off-nominal orbit as well.

To help combat the risks of non-synchronized symmetric tether-payload releases,
it is possible to utilize tether-deployer releases instead. Such systems are visualized in
Figures 8-13. With this method, the control of release between the deployer and tether
can be controlled by a single system within the deployer, helping to ensure that both the
prograde and retrograde payloads are released synchronously. An effect of this, however,
is that the tethers would then remain attached to the payloads, which can be detrimental or
beneficial to the payloads’ operation and lifetime, depending on design and application.
Negative effects of leaving the tether attached to a payload include an increase in cross-
sectional area that increases atmospheric drag while in LEO (gradually decaying its orbit
and reducing its lifetime), electrostatic charging while passing through regions of space
with high magnetic field and radiation conditions, and additional mass and moment of
inertia to handle while doing propulsive or attitude control maneuvers. While at first
consideration each of these factors can be considered negative, some of them can also be
reconsidered as opportunities for new functions of the payload. If the payload can actuate
the tether’s length, extending or retracting it on command, it can be used as a variable drag
system for maneuvering and de-orbit operations. If the tether is conductive and able to be
connected to other payload electrical systems, it can be repurposed into an electrodynamic
tether as a power generation system and/or a low-thrust propulsion system.

4.2. Orbit Design

General constellation design entails choosing orbit parameters and satellite quantities
specific to each application. For the sake of brevity, the basics of constellation design is
not described in this article, but they are well-described in references [16-20]. In general,
however, key factors to consider when designing a constellation include, but are not limited
to, the following;:

e  Speed of communication between satellites and ground stations (affecting how fast
information can be communicated, such as internet speed).

e Line-of-sight ranges (affecting how long ground links can last, such as length of a
connection between one or more internet satellites before needing to connect to others
to maintain connection).

e  Revisit rate or frequency of repeated positioning of spacecraft over key locations
(affecting how frequently location-specific data can be updated, such as monitoring
the actively changing boundary of a wildfire).

e Range of coverage (such as limits in latitudes, affecting the limits of what regions,
ground stations, and people can be covered).

Typically, constellations are constructed from one or more “rings” of satellites in orbital
planes (such as a Walker constellation), but this is not necessarily always the case (such
as with a Molniya-based constellation). These orbital rings are constructed in a manner
where two or more spacecraft share an orbit and follow each other through the progression
of their orbit path. These rings can be populated sparsely (such as with GPS), or densely
(such as with Starlink).
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When describing the orbits throughout this article, only simple elliptical orbits and
in-plane maneuvers will be considered. While plane change maneuvers enabled by tethers
are possible, they are not the primary focus of this article and will not be discussed in
depth. The general geometry and parameters referenced from this point on are shown in
Figure 14. Note that figures throughout this article depicting orbits have had their features
exaggerated to assist in explanation, particularly regarding orbit radii and eccentricity.
Some of the key orbit parameters to consider are orbit radius R, apoapsis R,, periapsis Ry,
semimajor axis 4, true anomaly 6, orbital period T, gravitational parameter of the central
planetary body y, and the change in velocity needed to execute orbital maneuvers AV.

. SPACECRAFT

77777 B I
F
(PLANET
BODY)

Ra R

Figure 14. General orbit geometry and parameters, where a is the semimajor axis, b is the semiminor
axis, c is the displacement of the planet/focus from the center of the ellipse, F and F’ are the focal
points of the ellipse (F being the planetary body), R is the orbital radius, Ra is the orbit’s apoapsis, Rp
is the orbit’s periapsis, and 0 is the true anomaly.

As the tether concept allows for near-instantaneous imparting of velocity change
to deployed payloads, the largest orbit changes can be made by directing this AV in a
direction tangent to the current trajectory of the payload-deployer system. It is also possible
to direct velocity changes by tethers into directions other than directly tangent with the
direction of orbital motion, but it is not as energy efficient when looking mainly to spread
satellites immediately after launch. If, however, it desired to execute maneuvers such as
plane changes, these maneuvers are still possible if the involved systems are designed and
operated properly. These kinds of maneuvers are beyond the scope of this article, but will
be addressed in future work.

This AV tangent to the direction of orbital motion can be directed prograde or retro-
grade to increase or decrease a payload’s orbit apoapsis R, or periapsis Ry, thereby also
affecting its semimajor axis 4, eccentricity e, and orbital period T. A basic visualization
of the orbits produced by prograde or retrograde release from a deployer are shown in
Figure 15.

The process of deploying payloads into particular orbits forces some decisions to
be made regarding the final orbit configurations of each payload and the deployer. For
this system, there are currently five primary options to consider, each yielding their own
benefits and drawbacks that can be selected for specific constellation design depending
on application and the resources available to produce it. A flowchart describing these
different options and the decisions leading to them is shown in Figure 16. Each orbit
design question in the flowchart is described in the following five subsections. Future
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research may discover additional constellation design options, which would be discussed in
future publications.

e o
@& 7 T ~My MAXIMUM
P4 Pt RAN L ORBIT
7/ / W\ L RADIUS
7 / ya MINIMUM
7 y % - ORBIT
] / i ¥ RADIUS
DEPLOYER [ [ © _— RELEASE
oRBIT I | BLANET B / POINT
I l BODY :
L
S W /

\ 7, -
. N\ - /2
N N -7 S
o, B, 5t
RETROGRADE \ PROGRADE

RELEASE RELEASE
ORBIT ORBIT

Figure 15. Basic SwingSat release orbits geometry.

4.2.1. Orbit Design Question 1: Single or Multiple Orbit Paths for Released Payloads

When considering single or multiple orbit paths, this asks whether payloads are
required to be deployed solely into identical orbits with their only variation being in true
anomaly. If only a single payload orbit path is permitted, this requires the system to utilize
asymmetrical payload deployment, which would require either an onboard propulsion
system to repeatedly boost the deployer’s orbit back to its initial configuration to recover
from payload momentum exchanges, or utilize symmetrical deployment with matched
payloads and counterweights. The benefits of this asymmetric method entail very particular
orbits with identical geometries, but the drawbacks come with devoting less resources to
payloads and more to propulsion or counterweights, which reduce payload capacity and
increase the number of launches needed to complete the constellation.

4.2.2. Orbit Design Question 2: Inclusion/Exclusion of Traditional Propulsion on Deployer
for Asymmetric Release

When considering asymmetric release deployment, it is necessary to determine if
the deployer spacecraft will include traditional propulsion, such as chemical or electric
propulsion systems. If traditional propulsion is not included on the deployer, it will
be necessary to include some other form of propulsion, such as deploying a tethered
counterweight. Each of these options are feasible, but not advantageous for the overall
intentions of tethered constellation deployments. Traditional propulsion utilizes established
technology and does not contribute to space debris, but requires more design effort and the
usage of propellant. Using tethered counterweights is technologically simpler, but is a poor
use of spacecraft mass and volume and also contributes to space debris. If possible, these
deployment methods should be avoided, but they are technically feasible options.

153



Aerospace 2024, 11,182

Start Mission
Design

Single or
Multiple Orbit
Paths?

Single

Orbit Design
Question 1

Multiple

Single

v

Single or
Multiple Semimajor
Axes Allowed?

Orbit Design
Question 3

Multiple

Orbit Design
Question 4

Symmetrical Payload
Deployment
Permissible

Preference
on same Arguments
of Periapses?

v

Asymmetrical Deployment Scheduling Deplovment Scheduling Deplovment Scheduling
Momentum Exchange ——» Dependent on Period Dependent on Period Independent of Period
Recovery Required Ratio Ratio Ratio
Orbit Design Orbit Design
Question 2 Question 5
Yes deltEOHaI No Retrograde Beroprade Neither
Propulsion on = or Prograde

Asyvmmetrical Payload Lo
Y Y Deployment with Retrograde Optimized. Prograde Optimized.
Deployment System . = . = .
= Counterweights Prograde Eccentric Retrograde Eccentric
Permissible :
Required

Deployer?

J'_I

Optimization?

Prograde

‘L—l

Option 1: Option 2: 4 Option 3: h £ Option 4: Option 5:
Asymmetrical Symmetrical tether Svmmetrical tether Symmetrical tether Symmetrical tether
tether mechanism mechanism with mechanism with all mechanism with all mechanism with all
with all tethers half of tethers tethers loaded with tethers loaded with tethers loaded with
loaded with loaded with pavloads released payloads released payloads released
payloads. released payloads released into prograde and into prograde and into prograde and
into a single orbit into a single orbit retrograde orbit refrograde orbit retrograde orbit
path from a path. half with paths from a paths from a paths from a
deployer with counterweights deployer without deployer without deployer without
onboard propulsion, released into a onboard propulsion. onboard propulsion. onboard propulsion,
dependent on period single graveyard dependent on dependent on independent of
ratio scheduling orbit path from a retrograde prograde period ratio
deployer without optimization and optimization and scheduling
onboard propulsion, period ratio period ratio
\dependent on period scheduling scheduling
\ J\_ratio scheduling / |\ F y X )

Figure 16. MET-deployed constellation design flowchart.

If the counterweights option were to be used with symmetrical releases, payloads
would be released into either a prograde or retrograde release orbit, and counterweights
released into the other. This particular approach is unfavorable, as it is not an efficient
usage of overall mass and volume, which is critical for small satellites, and contributes to
space debris. If this approach is required, it would be preferred to command the system
to send payloads into prograde release orbits with the counterweights released into a
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retrograde orbit small enough to put the weights on a re-entry trajectory for disposal to
minimize space debris” contribution, potentially with a trajectory directly intersecting
with the central planetary body. This approach with prograde-released payloads is shown
in Figures 17 and 18, with options for circular or elliptical orbits, and similar graphics
displaying retrograde-released payloads in Figures 19 and 20.
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Figure 18. Prograde concentric elliptical release trajectory (retrograde orbit hidden).
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Figure 20. Retrograde concentric elliptical release trajectory (prograde orbit hidden).

4.2.3. Orbit Design Question 3: Single or Multiple Semimajor Axes for Released Payloads

When considering single or multiple semimajor axes being allowed, the key question
is whether or not all payload orbits need to be dedicated to very similarly sized orbits. If
this requirement is needed, this again results in requiring one of the asymmetrical payload
release options. If there is allowance for variation in payload altitude however, symmetrical

payload release becomes viable, and is a much more preferable option.

4.2.4. Orbit Design Question 4: Preference on Arguments of Periapses for a Prograde or

Retrograde Payload Release Group

With the utilization of a symmetrical release, more options are available, which revolve
around potentially optimizing the distribution of deployed payloads in either the prograde
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or retrograde release orbits. This is not always necessary, but if it is, it would entail the
deployer and either prograde or retrograde release orbits being configured in such a way
that their orbital periods would allow for a uniform distribution of payloads along an
optimized orbital ring, all with the same argument of periapses. The optimized payload
group’s orbits could be considered concentric, as they would be identical trajectories
overlapping each other. It is possible that this optimized release payload orbit be made
circular, but that would eliminate the need for a preference for the arguments of periapses
of that payload group. Maintaining the same arguments of periapses would require the
deployer to release payloads in the same direction at the same position in its orbit for each
payload in the selected optimized group. Examples of these particular orbits are depicted
in Figures 17-20.

The basic progression behavior of the released payloads naturally results in the pro-
grade payload “lagging behind” the deployer’s position after one deployer orbit due to the
increased orbital period of the prograde payload. The reverse is also true for the retrograde
payload “leading ahead” of the deployer after one orbit due to the shorter period for the
retrograde payload. A visualization of this behavior is shown in Figure 21. As more pay-
loads get released, this will naturally produce a chain of payloads that will appear to either
“lag behind” or “lead ahead” of the deployer over time as the prograde and retrograde
orbits become populated.
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Figure 21. Basic payload orbit progression behavior post-release.

The primary benefit of the approach of optimizing one payload group is that it
guarantees at least one payload group is released into a consistent pattern, uniformly
distributed along a single release orbit path, but this comes at the expense of possibly
producing gaps or overlaps in the distribution of payloads in the other release orbit and
increasing its eccentricity, and can potentially take more time to execute when waiting for
the deployer to intersect with the release orbits at the proper time to release each payload.
A visualization of the different optimization options for prograde and retrograde orbit
payload distributions and their resultant gaps or overlaps are shown in Figures 22 and 23.
If this approach is used for optimizing specifically the prograde release orbit, the resultant
geometry required for the deployer and retrograde release orbits should be carefully
considered so as to not inadvertently release the retrograde payloads on a trajectory leading
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to a collision with the central planetary body, unless the retrograde payloads are replaced
with counterweights for an asymmetrical release approach as previously described.
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Figure 22. Basic payload orbit progression behavior with prograde release orbit distribution opti-

mization for an example set of 8 prograde-released payloads and 8 retrograde-released payloads.
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4.2.5. Orbit Design Question 5: Prograde or Retrograde Release Orbit Optimization
Dependent on Period Ratio

If choosing to optimize a prograde or retrograde release orbit payload group, orbit
geometry and timing of the deployer’s trajectory and release characteristics must be closely
considered. This relationship between the deployer and optimized prograde/retrograde
release orbit periods for proper release scheduling will here be referred to as the period
ratio, T;/T,, where T; is the period of the innermost orbit for optimization, and T, the
period of the outermost orbit for optimization. For prograde release orbit optimization, the
innermost orbit would be the deployer orbit with the outermost orbit being the prograde
release orbit. For retrograde release orbit optimization, the innermost orbit would be the
retrograde release orbit with the outermost orbit being the deployer orbit. This can be
visualized in Figure 24.

INNERMOST —— - g

ORBIT .~ e
OUTERMOST N P O\
ORBIT b . QO
/ v \\
/ / W\
T / A\
/ 4
/ ; INTERSECTION —
; ; POINT AND \
| ! LOCATION OF :
[ RELEASE ‘e
i | !
| \ !
i Y i
\.. '\\ //
\ \ 7
\ \ //
N 3 ey
AN ;s
h ~ P
N ~ _ * e
N ~ I A
R T S e s
N » 4
- _

Figure 24. Basic inner and outer orbits.

The period of a single orbit T can be defined by Equation (1), where and a is the orbit’s
semimajor axis, y is the gravitational parameter specific to the body being orbited, and R,
and Ry, being the orbit’s apoapsis and periapsis.

B ad (Ra + Rp)3
T_Zn\/:_zm/sﬂ 1)

The necessary period ratio T;/T, for a selected pair of orbits containing a deployer
orbit and an evenly distributed collection of payloads in a prograde or retrograde orbit is
defined in Equation (2).

3
T, dkn (a\? [ (Ra+Rp);\? ,
To_kn—!—l_(ao) -\ (Ra+Ry), @
In this equation, 7 is defined as an integer number of payloads to be uniformly
distributed in the optimized orbit, and k is defined as the integer number of instances
where the deployer intersects the optimized prograde or retrograde orbit between releases.
The lowest value for k in this case is 1, which would result in the deployer releasing a

payload every orbit. A value of k equal to 2 would result in the deployer releasing a payload
every two orbits, and so on.
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With this in mind, it can be seen that there is a balance between speed of deployment
and the geometry of the orbits (apoapsis, periapsis, and eccentricity) of that must be
decided on when given a set number of payloads to be dispersed. As T;/T, approaches
1, the deployer and optimized release orbits approach similarity, but this requires a high
value for k orbit intersections between releases, which would require a longer time to
execute. Conversely, as T;/ T, approaches 0 (until k is minimized to 1), the fastest time for
dispersal is achieved with one release per orbit, but this then involves more dissimilar
geometries between the deployer and optimized release orbits as a consequence of the
largely different orbital periods, potentially resulting in high eccentricity for one or both of
them. These factors must also be considered with the resulting AV requirements during
deployment, where similar orbit geometries with slower dispersion times require much
less AV at deployment than dissimilar orbits with more rapid dispersion times. More
discussion on the determination of AV is included later in this article.

4.2.6. Neutral Release Orbit Optimization Independent of Arguments of Periapses

If the optimization of distribution of either release orbits is not required, these orbits
can be produced in a manner allowing the payload orbits to have varying arguments of
periapses, potentially leading to either circular or flower orbit configurations with one or
more release points along the deployer’s orbit. The existence of gaps when optimizing the
retrograde release orbit and overlaps when optimizing the prograde release orbit implies
that there are one or more intermediary “neutral” options that lead to complete coverage
of both release orbits, but expectedly in a slightly non-uniform distribution pattern. The
benefit of not optimizing one release orbit over the other is this more equal distribution
quality between both orbits, and potentially quicker dispersion times thanks to not needing
to wait for specific orbit syncing between the deployer and either prograde or retrograde
orbits. These configurations are shown in Figures 25 and 26.
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Figure 25. Prograde non-concentric elliptical release trajectories with 4 release points (retrograde
orbits hidden).

There are several different approaches by which this neutral optimization can be
pursued, but they are dependent on mission-specific orbit parameters and would need to
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be determined on a case-by-case basis. Generally though, this can be done in a way that
alternates priorities between prograde and retrograde releases to populate both release
orbits. It is also likely advantageous to set the deployer orbit to be circular to allow for the
most balanced distribution of minimum and maximum altitudes by each payload in their
respective release orbits. A graphic depicting different regions for payload distribution
with neutral optimization is given in Figure 27, and is primarily composed of geometries
presented in their simplified forms in Figures 25 and 26.
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Figure 26. Retrograde non-concentric elliptical release trajectories with 4 release points (prograde
orbits hidden).
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4.3. Conceptual Design Execution

Revisiting the SwingSat concept previously mentioned, the previously mentioned orbit
design practices can be applied to a small theoretical constellation of 12 member satellites
dispersed by a deployer spacecraft. This is just a small-scale example for the purposes of
assisting in demonstrating an application of this work, and is not representative of a real
constellation being developed. It is also focused solely on the generalized deployment
process soon after launch, not later long-duration operations after initial dispersion. In this
example, let there be 12 satellites that need to be distributed around a plane at a median
altitude of 500 km. This constellation will be allowed to be deployed in a manner like
design option #5 described in Figure 16. The tether deployment system will be designed to
operate with the maximum AV imparted onto each deployed satellite being 20 m/s. The
deployment speed is a fairly low and easily achievable using a tether deployment system
for small satellite constellation deployment. Further details on deployer and tether design
will be described in future published material by the authors. This future documentation is
currently focused on tether deployment systems for satellites with individual masses of up
to 500 kg, and necessary tape tether systems with masses on the order of a few kilograms
made from conventional materials such as carbon fiber and spring steel.

Executing the maneuvers for satellite dispersion, the deployer will utilize neutral
priority distribution optimization as depicted in Figure 27. This will be done by executing
6 symmetrical releases, each of which releasing two payloads at a time, adding up to
the 12 total satellites to be deployed. For scheduling these releases, they will alternate
priority for evenly spacing out satellites in the prograde and retrograde release orbits. For
distribution of the satellites in each release orbit, the objective will be a nominal distribution
of 360°/(12/2) satellites = 60° between each satellite. The releases will be scheduled for
an initial symmetrical release, then monitoring a difference in true anomaly A6 between
the deployer and first prograde-released payload until reaching A8 = 60° to then execute
the next release. This would be followed by monitoring Af between the deployer and first
retrograde-released payload until reaching A8 = 120° to then execute the next release. This
process of alternating focus between the prograde and retrograde orbits for scheduling
releases would continue for the full set of payloads to be deployed. A table describing the
criteria for each release is shown in Table 1.

Table 1. Tethered payload release scheduling. Note that the first release is not preceded by any
releases, hence not having an applicable true anomaly difference condition to trigger the release.

Release . . . True Anomaly Date and Time of

Number Bodies Considered for Scheduling Difference AD Release (UTC)
1 End of Deployer’s first orbit after insertion N/A 1 October 2023 01:34:31.657
2 Deployer and Prograde Payload 1 ‘AOD eployer 76(?0913 rograde 1 2 October 2023 10:37:48.280
3 Deployer and Retrograde Payload 1 ‘AGD eployer 1?0953"05’”’13 ! 3 October 2023 21:15:34.810
4 Deployer and Prograde Payload 1 ‘AQD eployer _18?)21) rograde 1 5 October 2023 03:10:18.854
5 Deployer and Retrograde Payload 1 ‘A()D eployer ;ﬁgf“mgwd@ ! 6 October 2023 16:56:14.554
6 Deployer and Prograde Payload 1 ‘AGD eployer — AOPrograde 1 7 October 2023 19:42:22.354

~ 300°

Following these criteria, these releases can be simulated in a software environment. In
this simulation, the deployer was inserted into a simple 500 km altitude, 45° inclination
circular orbit at 1 October 2023 00:00:00 UTC. The software that was used was STK Version
12.5.0 by AGI/Ansys, and idealized impulsive maneuvers were done using the Astrogator
plugin. Orbit propagation was done using STK’s Earth HPOP Default v10 propagator,
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and factors of spacecraft mass, atmospheric drag, solar radiation pressure, and radiation
pressure were neglected, as those factors are highly dependent on spacecraft design, and
are assumed to have little effect on the results of this basic conceptual demonstration. More
detailed analysis incorporating these kinds of effects on spacecraft with masses up to 500 kg
each, along with varying tether designs, will be published in future work. The deployment
system was assumed to operate in idealized conditions where the payload release vectors
are directly tangent with the deployer’s trajectory, and releases are treated as impulsive
velocity change maneuvers independent of mass and size. While allowing the deployer
and onboard payloads to propagate forward in time, and releasing payloads based on the
release scheduling criteria previously described, the dates and times of potential releases
could be determined, and are also included in Table 1. The release maneuvers deployed
payloads away at exactly 20 m/s directly prograde or retrograde. Visuals of the state of the
constellation at each of the release times are given in Appendix A.

The resulting constellation produces two very similar but separate orbital planes, each
with six satellites roughly evenly distributed around them, and is shown in Figure 28.
Payloads that were released into prograde directions are shown in red, retrograde payloads
in blue, and the deployer in white. The prograde payloads were placed into orbits with
an apoapsis altitude of ~559 km, and a periapsis altitude of 500 km, and the retrograde
payloads were placed into orbits with an apoapsis altitude of 500 km, and a periapsis
altitude of ~416 km. The altitude bounds of 416-559 km can be narrowed closer to the
500 km median altitude with a lower release velocity than the 20 m/s used in this analysis,
but this comes with the consequence of longer time periods between releases, increasing
the overall dispersion time. Conversely, more rapid dispersion periods can be achieved
with higher release velocities beyond 20 m/s, but this comes with the consequence of a
wider altitude range, where retrograde-released payloads can be sent to precariously low
altitudes and experience increased effects of atmospheric drag.

Deployer Classical Orbit Elements = — P1 Classical Orbit Elements

Time (UTCG): 9 Oct 2023 15:19:30.000 . Time (UTCG): 9 Oct 2023 15:19:30.000
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Eccentricity: 0.000588 3 \ < 2 Eccentricity: 0.004847
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Arg of Perigee (deg): 243.028 ¢ A&F "‘ ,: - E Arg of Perigee (deg): 49.079
True Anomaly (deg): . 53.885 yr A ¥ o \ True Anomaly (deg): 231.512
Mean Anomaly (deg): 53.831 _: / . ] ! \R6 Mean Anomaly (deg): 231.948

R1 Classical Orbit Elements

Time (UTCG): 9 Oct 2023 15:19:30.000
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Figure 28. A 12-member constellation distributed in approximately 9 days post-launch (9 October
2023 15:19:30.000), simulated in STK software. Objects P1-P6 (red) indicate the first through sixth
prograde-released payloads, and objects R1-R6 (blue) indicate the first through sixth retrograde-
released payloads.

With each plane having different orbital periods because of their differing semimajor
axes, there are occasional brief instances where satellites in two different planes can be
in close proximity to each other in terms of true anomaly 6, but this is soon followed by
their separation as one passes by another. Despite this occasional “overlapping” behavior,
due to the nature of the distribution, there will never be more than approximately 60° of
separation between any two adjacent satellites in the combined planes. While not (yet)
optimized for precise positioning of these satellites, this deployment process can effectively
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distribute its satellites throughout the full spread of an orbital plane in the early phases of
this particular conceptual constellation.

5. Discussion

This summary of different orbit configurations and release maneuver options is not
exhaustive, but presents some key concepts to consider if a MET-deployed constellation
were to be developed. Answering the five discussed orbit design questions can help in
determining the nature of maneuvers needed to establish a constellation. These questions
essentially all revolve around the similar theme of how similar or dissimilar the orbits for
each member satellite are allowed to be, where missions allowing more dissimilar orbits
can be deployed quicker and/or easier, while missions requiring more similar orbits can
take longer and/or be more challenging to achieve. The deciding factors on whether these
orbits can be similar or dissimilar are sourced from major requirements of the overall
mission architecture itself, which is specific to the teams developing them and the proposed
constellation’s intended application(s). The selection of orbit design options can also inform
the generation of requirements needed for associated spacecraft design.

The methods of deploying payloads by tether described here are not exhaustive,
but give some initial insight to the thought processes that would likely be followed for
designing such a system. The example given in this article is just one method (and the
most chaotic or unoptimized of the five mission design options in Figure 16) but is still one
viable means of dispersing satellites around an orbital plane for a constellation. A more
optimized case would require some additional assistance in terms of attitude control and
propulsion capabilities on the deployer, which would be easily achievable for moderately
sized deployer spacecraft (such as ESPA class equivalent and larger).

6. Conclusions

In conclusion, this work has shed light on various orbit configuration and release
maneuver options for the deployment of satellite constellations using METs. For newer
satellite teams wanting to join in the constellation ecosystem, more feasible methods of
establishing constellations can be helpful in this effort, with METs being one potential
solution to consider. By implementing METs into constellation deployments, satellite
teams can more easily handle design, resource, time, orbit delivery, and cost constraints
that have been difficult in the past. The material discussed in this article gives a brief
insight and demonstration of how METs and satellite constellations can be combined for
rapid deployments to produce new mission architectures that could be flown. Future
research and publications will include applications of the concepts described in this article
to existing real-world constellations and comparing them against current industry norms,
and also development and results from a small technology demonstration mission called
ADRASTEA to be flown in the space environment. Current and future work in these areas
will continue with the intent of improving the way constellations of any scale are created at
key locations in accessible regions of space.
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Appendix A

This appendix includes visual representations at the times of different release ma-
neuvers while dispersing payloads around an orbital region for a conceptual 12-member

constellation. The states are sequentially included below.
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Mean Anomaly (deg): 0.001
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Time (UTCG): 1 Oct 2023 01:34:31.657
Semi-major Axis (km): 6842.164524
Eccentricity: 0.005242
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Figure A2. Constellation at the time of release maneuver 2 (2 October 2023 10:37:48.280). Object P1
(red) indicates the first prograde-released payload, and object R1 (blue) indicates the first retrograde-

released payload.
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Figure A3. Constellation at the time of release maneuver 3 (3 October 2023 21:15:34.810). Objects P1
and P2 (red) indicate the first and second prograde-released payloads, and objects R1 and R2 (blue)

indicate the first and second retrograde-released payloads.
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Figure A4. Constellation at the time of release maneuver 4 (5 October 2023 03:10:18.854). Objects
P1-P3 (red) indicate the first through third prograde-released payloads, and objects R1-R3 (blue)

indicate the first through third retrograde-released payloads.
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Rl Classical Orbit Elements
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Figure A5. Constellation at the time of release maneuver 5 (6 October 2023 16:56:14.554). Objects
P1-P4 (red) indicate the first through fourth prograde-released payloads, and objects R1-R4 (blue)

indicate the first through fourth retrograde-released payloads.
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Deployer Classical Orbit Elements = 2 P1 Classical Orbit Elements
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Figure A6. Constellation at the time of release maneuver 6 (7 October 2023 19:42:22.354). Objects
P1-P5 (red) indicate the first through fifth prograde-released payloads, and objects R1-R5 (blue)
indicate the first through fifth retrograde-released payloads.
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Abstract: Particle acceleration, and the thermalisation of energetic particles, are fundamental pro-
cesses across the universe. Whilst the Sun is an excellent object to study this phenomenon, since
it is the most energetic particle accelerator in the Solar System, this phenomenon arises in many
other astrophysical objects, such as active galactic nuclei, black holes, neutron stars, gamma ray
bursts, solar and stellar coronae, accretion disks and planetary magnetospheres. Observations in
the Extreme Ultraviolet (EUV) are essential for these studies but can only be made from space.
Current spectrographs operating in the EUV use an entrance slit and cover the required field of
view using a scanning mechanism. This results in a relatively slow image cadence in the order of
minutes to capture inherently rapid and transient processes, and/or in the spectrograph slit ‘missing
the action’. The application of image slicers for EUV integral field spectrographs is therefore rev-
olutionary. The development of this technology will enable the observations of EUV spectra from
an entire 2D field of view in seconds, over two orders of magnitude faster than what is currently
possible. The Spectral Imaging of the Solar Atmosphere (SISA) instrument is the first integral field
spectrograph proposed for observations at ~180 A combining the image slicer technology and curved
diffraction gratings in a highly efficient and compact layout, while providing important spectroscopic
diagnostics for the characterisation of solar coronal and flare plasmas. SISA’s characteristics, main
challenges, and the on-going activities to enable the image slicer technology for EUV applications
are presented in this paper.
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1. The Need for Solar Integral Field Spectrographs in the Extreme Ultraviolet

Particle acceleration is a fundamental process arising in many astrophysical objects
including active galactic nuclei, black holes, neutron stars, - ray bursts, accretion disks,
solar and stellar coronae, and planetary magnetospheres.

In our solar system, the Sun is the most energetic particle accelerator. Its proximity
makes it a unique laboratory with which to explore the physics of energetic particles,
which has wider importance in understanding astrophysical particle acceleration more
generally. However, despite its importance and past observations, the physics underly-
ing solar particle acceleration remains poorly understood. For the study of solar particle
acceleration and the evolution of solar eruptive events (solar flares and coronal mass ejec-
tions, CMEs), it is useful to observe in the extreme ultraviolet (EUV) regime, since this
wavelength range contains a number of emission lines that allow the corona and transition
region to be probed and whose profiles allow the presence of non-Maxwellian particle
distributions to be diagnosed. Additionally, the plasma response following the thermalisa-
tion of these energetic particles can be dramatic, with resulting heating, ionisation, mass
flows, and turbulence, all of which can be diagnosed with EUV spectroscopic observations,
e.g., Refs. [1-4]. The plasma in the solar corona is typically fully ionised because of the
megaKelvin plasma temperatures. Such hot plasma contains ions that emit brightly in EUV
wavelengths (A~100-1200 A).

Measurements in the EUV can be used to characterise the temperature, density, ele-
mental composition, and the turbulent state of the plasma in the upper solar atmosphere,
for both the quiet and active Sun. Plasma density can be diagnosed through the observation
of density sensitive line ratios in all coronal features, from the quiet Sun and coronal holes
to active regions, flares, jets, and coronal mass ejections. The measurements of densities
in the corona are fundamental for understanding how the corona is heated. For example,
the commonly observed over-density of coronal loops indicates that the corona is heated
impulsively, by multiple small energy release events along a given magnetic flux tube [5-8],
possibly recurring on short timescales. However, the coronal response to individual heating
events, including possible transient density enhancements, is so far almost impossible to
observe due to the lack of spatial coverage and resolution.

The EUV measurements are also key for understanding how the heated solar corona
transitions into the solar wind. Measuring electron densities during transient processes
like solar flares also allows us to understand the timescales of ionisation processes that
occur during the conversion of magnetic energy to the kinetic energy of accelerated par-
ticles, which, in the standard solar flare model, occurs following magnetic reconnection,
sometimes with impulsive, bursty nature as observed in, e.g., the review [1].

The traditional method for performing solar imaging spectroscopy in the EUV, e.g.,
Refs. [9,10] has been to use a slit spectrograph and a scanning mechanism to cover a larger
field of view. Whilst ‘sit-and-stare’ observations can be produced within seconds for a
strongly emitting EUV line from one location, the traditional slit scanning spectrograph
takes minutes to create a spectrum across a 2D spatial region of the Sun depending on the
desired field of view. Using integral field spectroscopy (IFS), all the spectra of a 2D field of
view will be obtained simultaneously, reducing the integration time by over two orders of
magnitude and without the requirement for any rastering mechanism. We aim to achieve
this with SISA applying the image slicer technology. An image slicer is an integral field
unit, also known as IFU, which decomposes a 2D field of view by using an array of narrow
rectangular mirrors (slicer mirrors) at the telescope focal plane using different orientations
to reflect slices of the image in different directions. The slicer mirrors can be flat or powered
and their width defines the sampling and impacts both spatial and spectral resolutions.
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Additional arrays of mirrors are used to focus these beams generating the spectrograph
entrance slit, producing the desired magnification and controlling the location of the exit
pupil. For SISA, in order to optimise efficiency, only the slicer mirror array is used. Thus,
the concept presented in this paper combines the surfaces of the IFU with those of the
spectrograph. We also note that a novel solar ultraviolet IFS concept will be used for the
first time during the Solar Eruption Integral Field Spectrograph (SNIFS) NASA sounding
rocket launch in Spring 2024 [11,12].

SISA is a proposal for a novel integral field spectrograph using slicers for the first time
ever in the extreme ultraviolet spectral range. This manuscript presents the science cases
that would benefit from this instrument, as well as the conceptual layout, whose main
components are currently at a research and development stage to increase the technology
readiness level (TRL) to enable this technology for space applications in the EUV.

2. SISA Science in the SPARK Framework

SISA is envisioned as one component of a suite of complementary instruments that
together form The Solar Particle Acceleration Radiation and Kinetics (SPARK) mission
concept, along with the Large Imaging Spectrometer for Solar Accelerated Nuclei (LISSAN)
and the Focusing Optics X-ray Solar Imager (FOXSI) instruments, both of which target
high-energy X-ray and y-ray emission. SPARK is designed to address the open questions
regarding particle acceleration on the Sun.

SPARK will attack the problem of particle acceleration through a powerful combination
of y-ray, X-ray, and EUV imaging and spectroscopy at high spectral, spatial, and temporal
resolutions. In addition to helping to address the physics of particle acceleration, SISA shall
provide the critical measurements of plasma conditions (magnetic fields, temperatures,
densities, and elemental composition) in the various coronal and flare structures, both pre-
and post-reconnection. As these measurements are integral to understanding how the
plasma responds to particle acceleration, and critical for understanding how and when
flares occur, the SISA EUV integral field spectrometer is an crucial addition to the SPARK
mission. The significant advantage of SISA with respect to previous EUV spectrographs is
that it will enable these crucial measurements in an integral field regime, i.e., spectroscopic
measurements simultaneously over a wide field of view. Below, we briefly discuss how
this instrument contributes to the key science goals to be addressed by the SPARK mission:

e How does impulsive energy release events lead to accelerate particles in the solar
atmosphere? SISA shall provide several measurements of accelerated particles in
EUYV, both electrons through line ratios (see Section 3.2) and ions through line profiles (see
Section 3.3). The integral field spectroscopy of SISA will offer insights as to where and
when the particles are accelerated, while the fast cadence will reveal how long they persist
at a given location. Measuring the spatial distribution of the accelerated particles, and
their relationship to magnetic field (see Section 3.1) and field-aligned emission structures,
will also offer insights as to the conditions required for particle acceleration, both in solar
flares and active-region corona. The fast-cadence SISA observations with multiple hot
lines (Table 1) shall also clarify the relationship of particle acceleration to plasma heating.
Finally, since the emission line profiles reflect the line-of-sight distribution of ion velocities,
from zero to very high velocities, they provide key information about both the high-
energy particles simultaneously with the low-energy end of the distribution, which is not
accessible with either LISSAN or FOXSI instruments.

e How is impulsively released energy transported and dissipated in the solar atmo-
sphere? Once heated, the hot flare plasma evolves rapidly on short timescales depend-
ing on the conditions. The hot flare lines observed by SISA cover some of the largest
available temperatures via EUV line spectroscopy (Table 1) and are thus favourable
for characterising the hot flare plasma and its evolution. Typically, the hot plasma
is observed first above the chromospheric footpoints in the form of localised bright
kernels, e.g., Refs. [13,14], from which the flare loops are filled. Indications exist, however,
that these kernels located within bright flare ribbons can already be pre-heated by elec-
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tron beams [15,16]. These kernels have long been observed to move along ribbons, e.g.,
Refs. [17-19], which have been identified as a consequence of 3D slipping reconnection,
e.g., Refs. [4,14,20-24], where the field lines do not reconnect in an X-point, but slip (slide)
past each other as they mutually exchange their connectivities see, e.g., Refs. [25-27]. The
existence of this process implies that the location of the energy deposition into the lower
solar atmosphere changes with time as the slipping reconnection proceeds. In the past,
it has been extremely difficult to identify the spectroscopic signatures of this process due
to the slit not being able (or designed) to track a particular moving (slipping) kernel.
Using sit-and-stare observations Li and Zhang [22] showed that the slipping reconnection
is likely be related to periodic changes in the Si IV spectral line intensities accompanied by
enhanced redshifts, as well as increased nonthermal widths, as individual kernels moved
through the location of the slit. Recently, Lorincik et al. [4] detected extremely short-lived
blueshifts (upflows), lasting only seconds, and reaching about 50 kms~! in chromospheric
and transition-region lines, at the leading edges of the slipping kernels. The authors argued
that such detection can be a matter of luck with slit spectrographs, as the slit has to be in
the right place at the right time. The IFS provided by SISA shall be enormously helpful in
this regard, as it can image the entire flare region and allow us to identify how the flaring
atmosphere undergoing slipping reconnection responds at short temporal cadences, as
well as enable the tracking of the spectral evolution of individual moving kernels as they
slip along flare ribbons. In addition, the SISA thermal coverage would help in establishing
whether the blueshifts at the leading edges of ribbons or individual kernels are related to
the evaporation of hot flare plasma.

The fastest upflow velocities of the evaporating hot flaring plasma filling coronal
loops are detected in the hottest flare lines [13], while the ‘cooler’ (T < ~1 MK)
lines show downflows at the same location, implying multi-directional flows that
could occur due to rapid plasma evolution. The fast SISA cadence and the integral
field spectroscopy, coupled with the available plasma diagnostics (Section 3), will
provide key information on the thermal evolution of the heated plasma. For example,
the diagnostics of electron density coupled with the measured timescales of plasma
cooling will allow one to discern whether the plasma is in ionisation equilibrium, and
at what times. Meanwhile, the emission line profiles will provide information on the
presence and role of turbulence. Mass flows and the thermodynamic evolution of the
atmosphere determined via spectroscopy can reveal much about the energy input
into the lower atmosphere during flares, especially when combined with state-of-the-
art modelling. For example, flare observations from the Interface Region Imaging
Spectrograph IRIS, as seen in Refs. [10,28], have been used in tandem with flare loop
models to interrogate our understanding of flare processes [29,30]. There is a major
model-data discrepancy in the duration of the flare gradual phase, with models under-
predicting the cooling time by an order of magnitude. SISA observations that provide
plasma diagnostics over the full field of view, with high cadence, will help illuminate
the source of the continued heating or energy input. Measurements of nonthermal
line widths from lines formed at different temperatures will inform us about the roles
of turbulence in suppressing thermal conduction, e.g., Ref. [31], and the potential role
of Alfvén waves in flares, e.g., Refs. [32,33].

SISA measurements will provide key diagnostics of processes that occur within flares
on short timescales. For example, a key open question in the solar flare energy
release is what drives “bursty” pulsations and the oscillatory signatures observed in
flare emission, known as quasi-periodic pulsations (QPPs), reviews of which can be
found in Refs. [34-36]. QPPs and other oscillatory behaviour observed in flares have
timescales ranging from sub-seconds to minutes, and are identified across the entire
electromagnetic spectrum from radio, EUV [37], X-rays [38], and even <-rays [39],
essentially encompassing all aspects of the flaring process. The exact nature and
underlying physical mechanism for the generation of these pulsations remains highly
debated. It is suggested that they may be related to magnetohydrodynamic oscillations
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in/near the flare site, or possibly connected to the intermittent or time-dependent
magnetic reconnection itself. Observational limitations of temporal cadences, spatial
resolution, and saturation issues with EUV imagers have to date limited our ability to
observationally identify the locations of the emission modulations and constrain the
suggested models—both of which are directly linked to energy release and transport in
solar flares. Some work has aimed to identify the spatial locations of the modulations,
e.g., Refs. [22,37,40—42], although there are limits to the temporal cadences and spatial
diagnostics, for example, there is only spatial observation along the slit position. In
order to correctly identify the mechanism producing QPPs, the characteristics of the
temporal, spatial, and spectral properties of pulsations and their relationships across
energy ranges and temperatures are required. The SISA EUV measurements, with
its high temporal cadence and its ability to perform the imaging spectroscopy of the
flaring region (rather than just over the slit), will allow us to observe rapid changes in
the flaring regions such as these pulsations, with information regarding where and at
what temperature they originate in the flare structure.

Finally, although there is unambiguous evidence for the presence of nonthermal
particles in flares, other mechanisms may also act to transport liberated magnetic
energy. High-frequency Alfvén waves have been proposed as a means of transporting
energy the magnetic reconnection site to the lower atmosphere and heating it, e.g.,
as shown in Refs. [43—45]. Modelling has revealed that those waves do indeed heat
the chromosphere, and drive explosive evaporation into the corona [46,47]. While
it is likely that MHD waves are produced during flares, which are fundamentally
a large-scale change in the corona’s magnetic field, the proportion of energy that
manifests itself in the form of waves compared to energetic particles is not known.
SISA’s capability to measure the coronal magnetic field before, during, and after a flare
will provide crucial information regarding field perturbations, density diagnostics,
and the Alfvén speed, which will help to provide estimates of the Poynting flux
carried by MHD waves. Furthermore, the nonthermal broadening of ions will also
help constrain the Poynting flux see discussion, e.g., in Ref. [32].

What are the physical origins of space weather events in the low-corona? Both
coronal mass ejections (CMEs) and jets inject magnetic field and plasma into the
heliosphere, where they disturb the solar wind flow. Although previous studies
of CME source regions have provided details about the physical processes taking
place once a CME has initiated, many questions remain regarding their initiation and
similarities with smaller-scale flux rope eruptions within solar jets. Observing the
initiation of both CMEs and jets spectroscopically is quite difficult with current or
planned instrumentation for several reasons, including the use of a single slit, long
exposure times, or limited diagnostics and temperature coverage provided by the
available spectral lines. SISA will capture these processes at cadences down to a
few seconds from every pixel within its entire field of view. This will allow us to
identify the locations, spectral properties, plasma conditions, and thus the mechanisms
behind the processes of CME and jet initiations. In larger eruptive events, SISA will
be able to capture the entirety of the precursor phase of the associated flare. The
spatial localisation of the precursors with respect to the subsequent flare and eruption
allows for the identification of the CME initiation mechanism, whether by tether-
cutting, ideal MHD instability, or breakout, as can be seen in Ref. [48] for every
flare observed. The high-temperature lines observed by SISA (Table 1) will provide
information on the plasma properties during the onset of eruptive events, including
the possibly constant, isothermal 10-15 MK onset temperatures detected by broad-
band X-ray instrumentation [49]. These lines will also allow the quantification of
plasma heating (via temperature and density measurements) as well as turbulence
(via line broadening) in the precursor phase.

How is the corona above active regions heated? It is currently thought that the so-
lar corona is heated by individual impulsive “nanoflare” events that release small
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amounts of energy at either high or low frequencies, e.g., in Refs. [6-8,50,51]. A key
prediction of such impulsive energy release is the existence of small amounts of hot
5-10 MK plasma, which is difficult to detect spectroscopically with currently available
instrumentation [52-56]. The spectral range of SISA contains several hot lines (Table 1)
that will provide stringent constraints on the amount of plasma reaching 10 MK tem-
peratures. The Fe XVII and Ni XVII lines (Table 1) shall provide additional constraints.
SISA will also work in tandem with the HXR and SXR observations to constrain
the high-T component of the impulsive energy release by nanoflares. Another key
observable of impulsive energy release is that the plasma should at least temporarily
be out of thermal equilibrium, showing either the presence of accelerated particles,
out-of-ionisation equilibrium plasma, e.g., Refs. [57-60], or both. The coronal Fe X1 lines
formed in both quiet Sun and active regions offer such diagnostics for electrons [61,62]
while the line profiles of multiple ionisation stages shall provide information on ion ve-
locity distribution [63—-66]. Furthermore, the temporal evolution of the line intensities of
multiple jonisation stages obtained in high cadences in combination with electron density
diagnostics (Section 3.7) shall provide information on both the presence of energy release
events and constraints on the presence of non-equilibrium ionisation for multiple coronal
structures at the same time, a feat not possible with current or planned instrumentation.
Finally, it will become possible for the first time to tie all these measurements to the mea-
surements of the underlying magnetic field (Section 3.1), thus allowing for discerning
whether there are different heating mechanisms for different magnetic structures within
the active and quiescent solar corona.

Table 1. A selection of SISA diagnostic spectral lines. The approximate formation temperature (log T[K])

is shown, as well as the radiances for an AR core and an M2-class flare (in erg cm™* s

251 gr~1), Numbers in

brackets are DN s ! per 1" SISA pixel. bl indicates a blended line. The number of * indicates the relative

diagnostic importance.

Ion A (A) logT AR Core M2 Flare Notes

Ni xv 178.89 65 15 1.2 x 102

Fe xX1 178.90 71 - 4.8 x 10% (145) ** Flare Ne
Fe X1 179.76 6.1 130 (40) 9.0 x 102 (276) ** Ne

Fe xx111 180.04 72 - 8.8 x 102 (270) * Flare

Fe x1 180.40 6.1 1.4 x 10° (429) 3.1 x 103 (950) ** (bl Fe X)
Ca xv 181.90 65 - 4.2 x 102 (156) #+ Ne

Fe X1 182.17 6.1 120 (47) 1.1 x 103 (429) 0t Ne

Ca xv 182.86 65 - 6.4 x 102 (310) #+ Ne

Fe x 184.54 6.0 220 (175) 5.5 x 102 (439) # Coronal B
Fe X1 184.79 6.1 76 (64) 5.0 x 102 (424) #+ Ne

Fe x11 186.89 6.2 600 (395) 2790 (1836) (bl) ** Ne
Fe XX1 187.93 71 - 3.8 x 10% (1172) *++ Flare (bl Ar X1V)
Ar X1v 187.96 65 21 3.4 x 102 ** Ne, FIP
Fe x1 188.22 6.1 710 (160) 1.6 x 10° (362)

Ar Xv 221.15 65 73(13) 3.4 x 103 (584) 4% [P

Fe XXIII 221.34 72 - 5.6 x 102 (100) Flare

S X11 221.43 6.4 90 (16) 4.1 x 102 (75) #* FIP

Fe xv 233.87 6.5 260 (247) 3.0 x 10° (2850) ** Ne

Fe 1X 241.74 59 120 (189) 120 (189) 0+ Ne

Fe xx1 242.05 71 - 4.1 x 103 (6540) # Flare Ne
He 11 243.03

Ar XIV 243.75 64 43 5.3 x 102 FIP (bl)

Fe xv 243.79 6.5 880 (1502) 6.5 x 10° (11095) (bl Ar X1V)
Fe 1X 24491 59 80 (141) 2.3 x 102 (406) #+ Ne

Fe xx1 246.95 71 - 6.5 x 102 (1205) *++ Flare

Fe XX1I 247.19 71 - 8.0 x 103 (14887) *++ Flare
Ar X111 248.68 62 7(13) 1.1 x 102 (209) ** F[P

Ni XVII 249.19 6.6 840 (1598) 9.3 x 103 (17690) *** Flare
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Table 1. Cont.

Ion A(A) logT AR Core M2 Flare Notes

Fe XII 249.39 6.2 65 (124) 2.4 x 102 (457)

Fe XVI 251.06 6.5 650 (1234) 1.0 x 10* (18979)

Fe X111 251.95 6.2 460 (864) 1.7 x 10% (3194)

Fe x1v 252.20 6.4 280 (524) 1.8 x 10° (3367)

Fe XXII 253.17 71 - 3.9 x 103 (7177) *+* Flare

Fe XVII 254.88 6.6 - 3.5 x 10° (6140) #* Flare

Fe XXIV 255.11 73 - 4.8 x 10* (83656) *++* Flare

He 11 256.3 (bl)

S X111 256.68 65 1.1 x103(1797) 8.6 x 10° (14055) #* FIP

Fe X 257.26 6.0 140 (222) 150 (238) % coronal B
Fe X1V 257.39 6.4 420 (663) 2.1 x 103 (3317)

Fe XI 257.55 6.1 80 (125) 2.3 x 102 (360) ** Te, NMED
Si x 258.37 6.2 420 (628) 1.5 x 10% (2243) Ne

Sx 259.50 6.2 53 (74) 1.8 x 102 (251) % B[P

Si x 261.06 6.2 140 (175) 4.2 x 102 (525) Ne

Fe XVI 262.98 65 1.1 x10%(1148) 1.7 x 10* (17754)

Fe XXIII 263.77 72 - 2.1 x 10* (20192) *+* Flare

S X 264.2 62 77 (71) 257 (237) 4% FIP

3. SISA EUV Measurements and Diagnostics

Based on these scientific cases, two spectral windows have been defined for SISA:
A = [178-184] A and A = 246-258 A. There are numerous EUV spectral lines originating
from a range of species that together allow a wide temperature coverage from the transition
region through to coronal and flare plasma. Many density-sensitive line pairs are included
within these windows, including at T > 10 MK, as are a pair of Fe X transitions whose
ratio is proportional to the coronal magnetic field strength. Via the inclusion of Fe X1, the
electron temperature and presence of non-Maxwellian electron distributions can be probed.
There are also transitions of S and Ar to measure the FIP bias, relative to Fe lines, providing
vital composition information.

Table 1 lists the spectral lines of interest, along with notes regarding the diagnostics
they provide. There is some overlap with the EUV spectral lines observed by the Hin-
ode/EUV Imaging Spectrograph EIS, as shown in Ref. [9], but with higher sensitivity,
cadence, and simultaneous spatial coverage; for more details, see, e.g., Ref. [67]. Whilst
EIS requires an estimated 50 min to scan a 100" region with its 2 slit and 60 s exposures
to obtain enough signal for coronal magnetic field measurements, SISA would obtain the
same observations within a few seconds.

Once they thermalise, the energetic particles that carry flare energy from the corona
to the transition region and chromosphere heats the local plasma. The intense heating
subsequently leads to ionisation and drives mass flows: so-called chromospheric evapora-
tion and condensation. Spectral lines from species forming at different temperatures are
very useful in diagnosing the conditions of the plasma before, during, and after energy
deposition. They can reveal gradients in density, bulk velocity and temperature. We have
typically been restricted to observations in single locations, whether that be at the flare
footpoints, along the loops, or at looptops. However, to understand the full story of where
flare energy is deposited and how the plasma responds, simultaneous observations, at
high-cadence, of the full flaring structure, would be transformative.

3.1. Magnetic Field Measurements

The solar coronal magnetic field can be measured via the recently identified Fe X
184.54/257.26 A line intensity ratio see, e.g., Refs. [68-70]. While the former line is an al-
lowed transition, the latter, Fe X 257.26 A, is a blend of several intercombination transitions.
In the presence of the external magnetic field, a new decay channel to the ground config-
uration 3s? 3p° 2P, /, occurs due to the mixing of the upper metastable levels 3s? 3p* 3d
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4D, /2 and 3s? ?)p4 3d 4Ds /2 [71]. This magnetically induced transition (MIT) increases
the intensity of the 257.26 A line, and allows for measurements of coronal magnetic field.
This has already been performed using the solar EUV spectra measured by Hinode/EIS,
revealing the presence of magnetic fields of up to several hundred Gauss in a C2-class
flare [71] as well as in the solar coronal loops [72].

However, making such measurements routine using slit spectroscopy (as in the case
of Hinode/EIS) is difficult, as the slit only samples a small portion of the solar atmosphere.
In addition, the Fe X line at 256.26 A is relatively weak, requiring long exposure times with
previous instruments such as EIS. Finally, the diagnostic ratio is also sensitive to a range of
parameters, such as the electron density and temperature, so additional diagnostic lines are
needed. They are provided by SISA, as described below.

The SISA instrument shall allow for routine measurements of both Fe X lines in a wide
field of view and at orders of magnitude faster cadence, providing revolutionary potential
for magnetic field measurements both before, during, and after the reconnection process;
that is, from the active region corona pre-reconnection to the post-reconnection flare loops.
Such measurements will allow for the first time to provide a direct measurement of the
magnetic energy released during the flare reconnection.

3.2. Electron Temperature and Nonthermal Diagnostics

To measure the result of transport effects on accelerated electrons, the nonthermal
electron spectrum must be characterised at multiple locations in the flare structure, namely
near the acceleration region, along the flare loops, and near the chromospheric footpoints.

SISA’s wavelength range contains the lines of multiple Fe ions (see Table 1) from Fe 1x
formed at upper transition region, Fe X, Fe X1, Fe X1V, and Fe XVI formed in the corona of
quiet Sun and active regions, to multiple flare lines of Fe XXI, Fe XX1I, and Fe XXIv. Such
wide temperature coverage allows for the characterisation of the ionisation temperature
of the plasma, and in particular, the coronal structures participating in the reconnection
process, from the pre-reconnection corona to the post-reconnection flare loops.

In addition, the EUV lines observed by SISA allow one to assess whether nonthermal
electrons are present in certain cases. The ratios of Fe XI line intensities at 182.17/257.55 A,
182.17/257.7 A are sensitive to high-energy electrons at temperatures above 1 MK [61]. The
Fe XI lines at 257.55 A and 257.77 A are located in the direct vicinity of the magnetically
sensitive Fe X line at 257.26 A. We note that, since the temperature and power-law tail
parameters are the free parameters of any electron distribution, diagnostics of the high-
energy electrons always need to be performed simultaneously with the diagnostics of
temperature [61], and the references therein.

3.3. Ion Temperature and Nonthermal Diagnostics

Profiles of any emission line changes shape if energetic ions are present. This effect
is detectable through the presence of enhanced line wings, which correspond to the high-
energy tails in ion velocity distribution via the Doppler effect. Such high-energy ions were
detected in the last decade in a limited amount of cases, mostly in flares [63-66]. The most
significant enhancements of the wings were found to occur at about twice the line FWHM,
see Figure 1 of Ref. [65]. This means that, in principle, any emission line with a strong
enough signal-to-noise in the far wings can be used for the diagnostics of accelerated ions,
independently of the temperature at which the line is formed. Thus, the wide temperature
coverage of the solar corona provided by SISA fortuitously allows for the wide diagnosis of
energetic ions. However, the diagnostics are complicated by the fact that the emission lines
are usually broadened during the impulsive phase of flares—a well-known fact for decades,
as can be seen in Section 3.1 of Ref. [73] as well as Refs. [64,66,74]. Since the broadening is
indicative of the presence of turbulence, the wide spatial coverage of SISA shall enable the
study of spatial correlations between the occurrence of turbulence and ion acceleration. We
note that the two mechanisms can in principle be linked, with turbulence directly leading
to particle acceleration in some cases, as can be seen in Ref. [75].
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3.4. Electron Density Diagnostics

Measuring the electron density is a fundamental requirement for any spectrometer.
Knowing the density is important for a wide range of issues, for example, to estimate the
radiative losses of the plasma and thus the energy input required not only during flares,
but also for the active region corona. In addition, electron density is critical for determining
the ionisation and recombination timescales in the plasma, and thus whether the plasma is
in ionisation equilibrium. The EUV offers a wide range of diagnostic possibilities, as can be
seen in the review by Ref. [70].

The SISA spectral range and sensitivity was also chosen to enable measurements of
the electron densities from a wide range of lines, formed from coronal (e.g., Fe IX, Fe XI, Fe
XV, Ca XV) to flare temperatures (Fe XXI). Measurements of coronal densities have been
carried out with previous spectrometers, most notably Hinode EIS, but measurements at
high temperatures are nearly non-existent in the literature. The best diagnostics are in the
soft X-rays around 140 A, as discussed in Ref. [76], mainly using lines from Fe XXI and Fe
XX. Such measurements have been carried out for a limited number of large X-class flares
by Ref. [77] using SDO/EVE, an instrument without any spatial resolution. To estimate
the ionisation and recombination times of the flaring plasma, it is essential to measure the
electron density at high temperatures with good spatial resolution. SISA has two excellent
line ratios from Fe XXI. One is 242.05 A /246.95 A, which is sensitive to high densities above
102 em 3. The lines are strong and close. The other one is a ratio involving the weaker
178.9 A line, which is already sensitive to active region densities of 101 cm > or more. One
issue with the 178.9 A line is that it could be blended with a Ni xV line, depending on the
relative amount of plasma at the formation temperatures of these ions. To correct for the
Ni XV blend, two other density-sensitive Ni XV lines need to be observed.

Figure 1 provides a summary of the main diagnostic ratios for SISA, although other ones
are available. CHIANTI version 10 [78] was used. The ratios cover a wide range of temperatures
and are sensitive to a wide range of densities. Note that the Fe IX ratio is the best density
diagnostic for the solar corona, but has never been observed routinely. Also note that the
Fe XXI ratio is one of the best ones across all wavelengths in terms of measuring the low
electron densities which are expected to be present during the heating phase. Most other density
diagnostics of flare lines, from the X-rays to the UV, are sensitive above 1012 em—3.

10.0
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o

Fe IX 244.9/241.7 A

Si X 258/261 A
Fe XI 182.1/188.2 A
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Figure 1. A selection of some important diagnostic spectral lines to measure electron densities. The
line intensity ratios of Fe IX, Fe XI, Fe XV, Si X, Ni XV, and Ca XV are useful for the diagnostics of
the solar corona and active regions, while the ratios of Fe XXI (red) are applicable to solar flares.
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3.5. Elemental Composition Diagnostics

Within the solar corona, there is a wide range of elemental abundances. As is the
case for in situ measurements, the variations are mainly associated with the first ionisation
potential (FIP) of the elements, indicating that the fractionation process that creates these
variations occurs in the low chromosphere, where neutrals become ionised. The ratio of a
low-FIP to a high-FIP element tends to be enhanced compared to its photospheric value (the
so-called FIP bias), although interesting cases of the so-called inverse FIP effect have been
observed. There is ample literature, but many earlier studies turned out to be incorrect,
leading to a very confusing picture. A recent review of observational aspects is given
in Ref. [70].

In a nutshell, the quiescent corona has nearly photospheric abundances, at least up to
1 MK; the hot 3 MK cores of active regions have an FIP bias of about 3—4; the cool active
region loops have a wide range of FIP biases. Surges and flaring loops have been known
since the Skylab time (1970s) to have photospheric abundances, interpreted as the indication
that the plasma filling the loops evaporated from the chromosphere with a fast timescale
such that the fractionation process did not occur. Interestingly, the recent X-ray observations
of small flares of the GOES B-class have shown for the first time a rapid decrease in FIP
bias, followed by a gradual increase [79]. While the rapid decrease is expected to be caused
by chromospheric evaporation, the gradual increase could be a signature of Alfvén waves.

There is general consensus that the FIP effect is related to the strength and topology of
the magnetic field. A relatively simple hydrostatic model of the chromosphere put forward
by M. Laming is able to explain the main features of the FIP effect and its inverse, as can
be seen in the review and references of Ref. [80]. The FIP effect would be caused by the
ponderomotive force of trapped Alfven waves in magnetically closed loops. Therefore,
measuring the FIP effect and its variations during flares is important, as it could provide a
way of indirectly confirming the presence of Alfven waves or at least indicate the origin
of the flaring plasma: if the flare loops have an FIP bias, then the plasma originated from
closed loops already present in active regions.

The diagnostics to measure the relative abundances are limited, however, as there are
only a few ions formed at high temperatures from high-FIP elements. There are plenty
of spectral lines from low-FIP elements such as Si, Fe, Mg, Ni, and Ca, instead. The best
high-FIP ones, exploited in the 1970s and 1980s, are the H-like and He-like ions from
oxygen, neon, argon, and sulphur in the X-rays. Note that sulphur has an FIP of 10 eV, but
in remote-sensing observations, it varies like the other high-FIP elements. Very few weak
lines from high-FIP elements are present in the EUV and UV. A few very weak lines from
Ar X1V and Ar XIII have been observed with Hinode EIS, which also has stronger S X, S X1
and S X111 lines.

Across the whole EUV /UYV, the best diagnostic lines are the strong Li-like doublets
from Ar XVI at 353.8, 389.0 A and from S XIV at 417.7, 445.7 A. After them, the best
diagnostic is the strongest (resonance) line from Ar Xv at 221.15 A, which is within the SISA
spectral range. There are also interesting Ar X1V lines as the strong 243.75 A line, blended
with Fe XV, or the 187.9 A line, which becomes strong at high densities (but can also be
blended), meaning that one would have to measure the density independently. Other good
options within the SISA range are the strong S XIII at 256.6 A and the lower-temperature
S X lines, often used in previous Hinode EIS studies. Weak lines from Ar XIII are also
available. There are plenty of lines from iron to be able to estimate the FIP bias measuring
Ar/Fe and S/Fe in the 1-3 MK range.

3.6. Flare Lines

There are several hot flare lines in the SISA spectral range. Close to Fe X 257.26 A there
are the strong Fe XVII 254.9, Fe XX1 246.95 Fe xX11 247.19, 253.17, Ti XX 259.26, and Fe xXx1v
255.1 A lines. They span a temperature range of log T = [6.6-7.3]. Nearby, there is a strong
Fe XXI line at 242.05A which could be used in combination with the 246.95 (or the 187.9 A)
to measure densities above 10'! cm~3 (Section 3.4). This is an important diagnostic.
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The strong Fe XXIII intercombination line is located at longer wavelengths, at 263.76 A.
It would be an ideal electron temperature diagnostic in combination with the resonance
line at 132 A, if a second order could be observed.

Close to 184.5 A, there are several weaker hot lines, which become observable for
large flares. Fe XXIII produces a line around 180. A. There is a relatively strong Fe xxI line
around 187.93 A,‘ however, this line for weak flares is blended with an Ar X1v 187.96 A line
which is strongly density-sensitive, so careful deblending is needed. A weak Fe XXI around
178.9 A is particularly important as it becomes strong at high electron densities, so it is one
of the best density diagnostics for flare plasma, one that is able to measure densities above
1010 em 3.

3.7. Departures from lonisation Equilibrium

The rapid heating or cooling of plasma can lead to departures from ionisation equi-
librium; a state when the plasma ionic composition does not reflect its electron temper-
ature, e.g., Refs. [57,81-86]. This transient ionisation in turn can affect other diagnostics,
e.g., Refs. [87-89]. For a review of transient ionisation conditions, see Ref. [60].

Conditions favourable for the occurrence of transient ionisation are expected to arise
in solar flares, where the energetic particles travel at fractions of the speed of light, and thus
swiftly deposit large amounts of energy when encountering the dense solar chromosphere.
This is so despite the electron densities ion flares are relatively high, leading to decrease in
the timescales for collisional ionisation and recombination [84], which are in the flare plasma
of the order of seconds or tens of seconds. Since the plasma evolves rapidly following
the energy deposit, detecting transient ionisation conditions requires fast cadence. The
previous diagnostics of transient ionisation, e.g., Refs. [81,82] focused on X-ray spectra,
which were obtained with little or no spatial resolution and required scans across the
wavelength range, while the detection of transient ionisation from EUV was hampered by
the twin problems of slit and throughput/cadence. For the first time, SISA will offer the
spatial coverage, resolution, cadence, and lines from multiple ionisation stages of iron (see
Table 1), all required to detect the signatures of transient ionisation in rapidly evolving
plasma along newly created flare loops.

3.8. Predicted Signal in the Main SISA Lines

Given the previous requirements, namely providing spectral line diagnostics to mea-
sure magnetic fields, electron temperatures and densities, departures from ionisation
equilibrium in flaring plasma, non-Maxwellian electron distributions, variations in the FIP
bias, and transient ionisation, we designed a few possible multilayers to cover the key lines,
as described below. Having selected one, we then calculated the signal in the SISA lines.

As the target is to observe active regions and flares, two simulations have been
carried out, one for the quiescent AR core, and one for an M2-class flare. For the AR
core, the predictions are based on an AR core loop observed by Hinode, as can be seen in
Ref. [67]. The Del Zanna (2013) coronal abundances are used, with an electron density of
2 x 10° cm~3. For the M2 flare, the predictions are based on an M2-class flare observed
by Hinode EIS. The same set of abundances is used, but with an electron density of
2 x 1019 cm—3. In this case, a full DEM analysis was carried out (Del Zanna et al. 2023, in
prep). CHIANTI version 10 [78] was used. Table 1 shows the radiances of a few selected
SISA lines and the corresponding data numbers per second per 1” pixel. It is clear that
most lines are observable with exposures of 1 s.

4. Image Slicer Technology in the EUV Regime

Among the integral field unit (IFU) alternatives available to perform IFS, image slicers
are the optimum for space: they are very compact with no moving mechanisms, lightweight,
highly efficient, and all parts are made of the same material.

As shown in Figure 2, an image slicer is an optical system typically composed of two
or three arrays of mirrors, placed at the telescope’s image focal plane. The first array (slicer
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mirror array) is composed of multiple narrow mirrors with a rectangular shape distributed
such that the short dimension (width) corresponds to the spectral direction and the long
dimension (length) is associated with the spatial direction. Each one of the slicer mirrors
have a different tilt angle around the X and Y axes (axes perpendicular to the direction of
light propagation). Thus, each mirror only reflects a slice of the field of view, defined by its
effective surface, in a different direction. The other arrays of mirrors are used to control
the intermediate and exit pupils, re-image the slices of the field and reorganise them to
generate the spectrograph entrance slit. They can also produce a magnification if required,
enabling perfect coupling between the telescope and instrument, and adjusting the slit
width to meet the desired resolution. Other advantages include no focal-ratio degradation
and no polarisation effects.

Slicer mirror

Slicer mirror array

il
it l '

Sliced FOV

Image at the telescope
focus

Figure 2. Conceptual sketch of an image slicer. The slicer mirror array divides the image generated by
the telescope into slices that are re-imaged and reorganised by other arrays of mirrors, reformatting
the 2D field of view into the spectrograph entrance slit.

Image slicers have been used for ground-based telescopes in recent decades, operating
at different spectral ranges from the infrared to UV /visible, for a wide variety of science
cases. Some examples are shown in Figure 3 and include the following: VLT CUBES [90],
BlueMUSE [91] and MUSE [92]; GTC FRIDA [93]; GNIRS at Gemini North Telescope or
ELT HARMONI [94] and METIS [95] for night-time observation. For solar physics, image
slicers were first proposed for the integral field spectrograph [96,97] of the European Solar
Telescope, which provides optical observations. A prototype of this image slicer is operative
at GREGOR solar telescope [98], which upgraded GRIS from a long-slit spectrograph to
an integral field spectrograph, and provides infrared observations. No EUV solar IFS
instrument has flown, although the SNIFS rocket mission, scheduled for a 2024 launch, will
observe solar Ly « using IFS [11].

There are also spaceborne image slicers onboard the James Webb Space Telescope
in NIRSpec [99] and MIRI [100] operating at infrared wavelengths. At much shorter
wavelengths, INFUSE [101] was the first IFS in the far ultraviolet (FUV), while SISA [102]
will be the first IFS in the extreme ultraviolet, applying the image slicer technology at the
shortest wavelengths ever proposed.

Finally, a different approach to the 2D coverage problem has been adopted by the
multi-slit solar explorer MUSE; Refs. [3,103], a NASA Heliophysics Medium-class Explorer
with a scheduled launch in 2027. Thanks to its 35-slit design, MUSE will provide high-
cadence (<20 s or faster for flares), sub-arc-second resolution spectroscopic rasters over
an active region size, targeting four isolated, strong spectral lines (Fe 1x 171 A at 0.7 MK,
Fe Xv 284 A at 2 MK, Fe xix at 108 A at 10 MK, and Fe xx1 108 A at 12 MK). With its unique
capabilities, MUSE will provide new crucial discoveries for flare science. SISA would build
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upon the science legacy of MUSE by providing high-cadence 2D imaging from a larger set
of spectral lines that offer rich diagnostic potential.

Space astronomy IFS I Ground-based night-time IFS
I Space solar IFS Ground-based solar IFS

GRIS

EST

ISISA INFUSE MIRI

v Q. [ s |k

0.018um 0.1pm  0.3pm 0.5um 0.6um 0.75um  1um 3um Sum 8um  28um

Figure 3. SISA will break new ground, both technologically, by observing using image slicers in
the EUV, and scientifically, by providing the high-cadence 2D spectra of various solar phenomena.
Currently operating image slicer-based IFS at different spectral ranges for solar and night-time
ground-based telescopes and space missions observe at longer wavelengths than SISA.

At the shorter wavelengths of the EUV regime that SISA will explore, the application
of image slicers presents additional challenges [102], like narrower slicer mirrors for high
resolution solar observations, surface roughness, and coating. A slicer width of 15 pm has
been defined for SISA, which is narrower than the slicer mirror width that is currently
achievable both for glass and metallic slicer mirrors. This width is even more difficult
to achieve on curved substrates (powered slicer mirrors), whose use would enable the
reduction in the number of optical components to maximise throughput. At these short
wavelengths the surface roughness is a key factor to minimise stray light that could
potentially compromise the instrument sensitivity.

These technological challenges of the image slicer technology for the EUV are being
addressed and developed in the UK by a collaboration between Durham University and
University College London (UCL) within two projects: MINOS and LUCES. MINOS
(Manufacturing of Image slicer Novel technology for Space), funded by Durham University,
produced in 2023 a prototype that represents the state-of-the-art of glass slicers, achieving
a surface roughness of 0.2 nm RMS in Fused Silica spherical slicer mirrors with a width
of 70 pm. This is the thinnest width currently achievable on glass spherical slicers and
the best surface roughness for slicers to date. This is a significant improvement towards
the specifications required for SISA and the next generation of solar space missions. This
demonstrator was manufactured by Bertin Winlight, in France.

LUCES (Looking Up Image Slicers Optimum Capabilities in the EUV for Space) is
funded by the Enabling Technology Programme of the UK Space Agency and will produce
nine slicer mirror demonstrators in metal using different widths (350 pm, 70 pm, 50 pm,
15 pm) to determine the narrowest achievable width with diamond machining techniques
at Durham University, and on different substrates to compare the surface roughness. The
widths for the slicer demonstrators of LUCES were selected based on the demand of the
solar community both for ground-based and space observations. The widest width (350 pm)
was selected as a first goal to reduce the current minimum width manufactured in metal;
70 pm and 50 pm were chosen based on the widths required for the GRIS spectrograph
at GREGOR and for the integral field spectrograph of the European Solar Telescope. The
thinnest width, 15 pm, represents a challenge and is the current specification for the slicer
mirrors for SISA. LUCES started in April 2023 and will end in October 2024.
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SISA, along with LISSAN and FOXSI, were proposed as part of the SPARK mission to
an ESA’s M-class solicitation in 2022. Though selected for Phase 1, SPARK was not selected
for continued development in Phase 2, in part due to concerns over the relatively low TRL
of aspects of the instruments. The SISA team is actively engaged in on-going research
to raise the TRL of SISA, developing the image slicer technology for EUV applications.
Further developments, such as the deposition of a multi-layer coating on the slicers, the
design and manufacturing of a SISA prototype, and its tests in a relevant environment, are
planned to achieve TRL 6 within the next couple of years, subject to funding.

5. SISA Instrument Proposal
5.1. Specifications

The Spectral Imager of the Solar Atmosphere (SISA) is the first EUV imaging spec-
trometer using image slicer technology in the A = [180-260] A range. SISA will observe
a threshold field of view (FoV) of 100" x 100" (with a goal of 100" x 250”), obtaining
spectra of the whole 2D field of view in less than 3 s for high-signal objects (e.g., flares)
and less than 30 s for low-signal ones. This field of view will be observed in two spectral
windows simultaneously, Window 1 A = [178-184] A, and Window 2 A = [246-258] A,
with a spectral resolving power (R) of R = [3560-5160], a spatial resolution of < 3", and a
spectral resolution of 0.05 A full width at half maximum (FWHM).

The defined spatial resolution is required to satisfactorily resolve flare loops and
ribbon/footpoint sources, including newly reconnected ones, whilst the spectral resolution
is required to resolve the main diagnostic lines and measure nonthermal line profiles. The
FoV of 100” x 100" can capture the core of large X-class flares, the entirety of smaller flares,
or a portion of an active region. A high signal temporal resolution (Cadence 1) of 3 s
will capture much of the dynamics of many flares, whilst being two orders of magnitude
faster than previously observed for 2D EUV imaging spectroscopy. A low signal temporal
resolution (Cadence 2) of 30 s will capture the slower dynamics present in the active regions
or quiet Sun areas.

The two spectral ranges are required to measure the parameters of both 1 MK plasma
and the much hotter 15 MK plasma that appears during flares, and include lines sensitive
to the coronal magnetic field strength, electron temperature/non-Maxwellian electron
distributions, and a wide range of lines to measure electron densities from coronal (e.g.,
Fe IX, Fe XI, Fe XII, Fe XV, Ca XV) to flare temperatures (Fe XXI), and the FIP bias. The
specifications for SISA are presented in Table 2.

Table 2. Specifications for the instrument SISA.

Field of view 100” x 100"
Spectral window 1 178-184 A
Spectral window 2 246-258 A
Spectral resolution 0.05 A FWHM
Spatial resolution <3
Spectral resolving power (R) 3560-5160
Temporal resolution (high signal) <3s
Temporal resolution (low signal) <30s

5.2. Layout

The solar EUV photon flux is very low, demanding a sensitive instrument. SISA
combines the surfaces of the integral field unit (IFU) with those of the spectrograph in a
compact and highly efficient layout that uses only an array of powered slicer mirrors and
an array of curved diffraction gratings as shown in Figure 4. This layout is based on a
design presented by Calcines et al., 2018 [104] for applications for ultra-compact integral
field spectrograph and is inspired in IGIS [105], which first proposed the combination of
the IFU and the spectrograph components. SISA does not have an entrance slit, it covers a
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2D field of view without any scanning mechanisms, obtaining all the spectra of a 2D region
of the Sun within one exposure.

______________ TelEsEope . .o, cvee Gratings (one per ice)

» Input beam /) Off-axis parabolic mirror |
Door | (200mm &)

‘(*) SHEG MNTOr GTi St e s e b S e !

Detector 2
Detector 1 Curved gratings

Slicer mirror array

Figure 4. SISA’s conceptual layout (left) and view of the spectra per slice generated by each curved
grating (right).

Two subsystems are identified: the telescope and the integral field spectrograph,
with a total of three surfaces. To optimise efficiency, the telescope is composed of one
off-axis parabolic mirror, with an aperture of 200 mm diameter and an effective focal length
of 3 m. At its focal plane, the array of slicer mirrors, each one of them with different
orientations, divides the image of the field into thin slices of 15 pm. To cover a field of
view of 100” x 100”, a hundred slicer mirrors are needed, with a rectangular shape and
whose dimensions are 3.64 mm length by 15 um width. The slicer mirror array decomposes
the incoming beam into as many sub-beams as the number of slicer mirrors, generating
a pupil for each one of them. At the pupil position, an array of curved gratings will
disperse the light and focus the beams at their focal length. Each grating will produce the
spectrum associated with a slice of the field. The different orientations for the gratings are
defined to distribute the spectra on the detectors. These orientations are fixed, with no
moving mechanisms.

The design of SISA includes different trade-off analyses, such as the definition of the
telescope effective focal length versus resolution and slicer mirror width. For the dispersive
element, two options were considered: a larger diffraction grating versus an array of
gratings, one per slice. Whilst a larger grating would provide higher spectral resolving
power, curved gratings present aberrations for off-axis fields. The use of an array facilitates
the organisation of the spectra on the detectors. This is currently the selected option.

On-going studies analyse the optimum distribution of the gratings in order to minimise
stray light and optimise the optical quality. The use of a grating per slicer mirror enables
some flexibility in the geometrical distribution, which is a key factor in the optimisation of
these two important points.

5.3. Components

As mentioned in the previous section, SISA is composed of two subsystems: (1) the
telescope and (2) the instrument. A door protection mechanism will be installed at the front
of the instrument. This door will be used to provide protection against acoustic vibration
and venting during the launch. It will also protect the instrument from contamination
during assembly, integration and verification (AIV), launch and in-orbit, and control the
venting and reduce air flow during on-ground purging and launch. CSL is considered as
the future supplier for the door based on their previous experience designing the door for
the extreme ultraviolet imager (EUI) onboard Solar Orbiter.

The aperture of the telescope (200 mm) was selected to optimise throughput with respect to
existing EUV instruments. The same supplier of the METIS/Solar Orbiter mirrors is considered,
TOPTEC, Institute of Plasma Physics of the Czech Academy of Sciences with TRL 9. The
manufacturing feasibility of mirrors with apertures up to 300 mm has been confirmed.

The slicer mirror technology presents the technology readiness level (TRL) 9 in the
infrared. For the EUV, this technology is currently under development. MINOS and LUCES
projects will raise the TRL in the EUV to TRL 4. Although the slicers are the component
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with the lowest TRL for this spectral range, its application is a game-changer for EUV solar
spectroscopy. The on-going developments within the UK in this field, together with a plan
in place to achieve TRL 6 within the next several years, will enable this technology to be
considered for the next generation of solar space missions.

Curved holographic gratings have already been used for other instruments like EIS
and the upcoming EUV High-Throughput Spectroscopic Telescope, EUVST [106], with
TRL 9. For the gratings for SISA, IAS in France is currently considered as the future lead
institution. The possibility of using metallic curved gratings made of the same material as
the slicer mirrors will also be investigated.

The SISA instrument requires a large-size image sensor with high EUV sensitivity.
The baseline will be to use the back-illuminated CMOS radiation-hardened active-pixel
image sensor (APS), developed by CSL/ROB (Belgium). Compared to CCD technology,
CMOS-APS detectors do not require a mechanical shutter, have a greater radiation tolerance
(low charge transfer), low power consumption, high speed, and dynamic range, with a non-
destructive readout for low readout noise. Additional features include random addressing,
windowing and anti-blooming. SISA’s detectors must be cooled to a temperature lower
than —40 °C (ideally around —60 °C), with a stability of 5 °C.

5.4. Efficiency

The efficiency of the instrument will be limited by two important factors: (1) the
possibility of using only two optical components for the integral field spectrograph, and
only one for the telescope based on the performance of optical quality, and (2) the coating.

For the simultaneous observation of the two spectral windows, a dual-band multi-
layer coating is being designed for SISA at the National Research Council of Italy, Padova.
Considering the required operational spectral bands for SISA, the most efficient coatings in
terms of efficiency were identified to be the three-material multilayer Al/Mo/B4C [107] or,
alternatively, the Al/Mo/SiC [108]. Both coatings show very good long-term stability, and
in the case of Al/Mo/SiC, its reliability has been proven through its successful use in the
Solar Orbiter/EUI instrument. The multiband response required for SISA was obtained
using a design consisting of a superposition of two periodic multilayer stacks separated
by two or three buffer layers. The coating optimization was performed using a genetic
algorithm, following the procedure previously described in Ref. [109]. Figure 5 shows
the three options obtained with an Al/Mo/B4C multilayer, among which Option 3 is the
preferred alternative due to it offering the broadest response, with a signal near 220 A.
Similar results can be obtained with the Al/Mo/SiC multilayer.

A preliminary estimation of the throughput has been performed. The effective area for
SISA is represented in Figure 6 (in black), compared to Hinode/EIS (in blue). To calculate
the effective area, we have considered the following components: (1) a front Al filter, the
same used for SDO/AIA, but with an improved mesh transmission of 95%, compared
to the AIA one (85%). Such an improved mesh has already flown on the Hi-C sounding
rockets. The AIA filters have shown little degradation at the SISA wavelengths, probably
thanks to their carbon layer, but alternative coatings will be considered. (2) Two mirror
reflectivities (one for the primary and one for the slicer mirrors) using the multilayer option
3; (3) A third reflectivity using the same multilayer for the grating, with an efficiency of
35%, the same measured for the Hinode EIS grating in the long wavelength channel; and
(4) The same quantum efficiency of the EIS CCD, 0.85. A secondary focal plane filter has
not been included to maximise throughput, although a rotating wheel of redundant focal
plane filters should be included.
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Figure 5. Reflectivities for the three multi-layer coatings under design for SISA.
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Figure 6. Preliminary estimates of SISA’s effective area (black), compared to Hinode/EIS short-
wavelength (SW) and long-wavelength (LW) channels (blue).

The significant improvement over the EIS effective areas is due to the slightly larger
aperture (20 cm instead of 15), and the fact that a single multilayer is used (the EIS aperture
is sectioned with two different multilayers). Also, the multilayer has been designed to have
maximum reflectance close to the main diagnostic lines around 250 A.

6. Conclusions

Integral field spectroscopy is one of the most powerful techniques applied in astron-
omy. The ability to obtain the spectra of a 2D field of view simultaneously reduces the
integration time by over two orders of magnitude. Despite this great advantage, this tech-
nique has not been used in the extreme ultraviolet regime, which can only be observed from
space due to the limitations and challenges for the existing integral field unit alternatives.
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The image slicer technology seems to be the optimum choice, offering a compact, robust,
and highly efficient solution with no moving mechanisms. The SPARK (Solar Particle
Acceleration Radiation and Kinetics) mission proposal led by the UK (UCL) includes the
first ever integral field spectrograph in the EUV: SISA. SISA consists of a three-mirror
system including the telescope and the instrument.

A preliminary study has identified optimal spectral ranges to allow many plasma
diagnostics, some of which are not available to current (Hinode EIS) or future EUV in-
struments (EUVST, MUSE). With a relatively small aperture of 20 cm diameter, a single
multilayer and the slicers, we expect to perform the types of measurements that Hinode
EIS has been producing about 100 times faster.

Although the image slicer technology currently presents the low TRL at EUV wave-
lengths, the UK (Durham University and UCL) has on-going research and development
projects that will soon enable this technology for the next generation of space missions,
including solar physics and all fields of astronomy. These are focused on the most critical
aspects for EUV applications: the manufacturing feasibility of slicer mirrors to reduce the
current state-of-the-art to the specifications required by SISA; the optimisation of the sur-
face roughness for the slicer mirrors to minimise stray light, and to increase the feasibility
of the application of multi-layer dielectric coatings to narrow slicers in the EUV with high
efficiency for the simultaneous spectral windows covered by SISA.

SISA, currently under design study as part of the SPARK payload mission proposal
described in Reid et al. [110], promises to be a game changer in our understanding of our
star, the Sun.
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Abstract: The integration of uncertainty analysis methodologies allows for improving design effi-
ciency, particularly in the context of instruments that demand precise pointing accuracy, such as
space telescopes. Focusing on the VINIS Earth observation telescope developed by the Instituto de
Astrofisica de Canarias (IAC), this paper reports an uncertainty analysis on a thermal model aimed at
improving cost savings in the future testing phases. The primary objective was to identify critical
parameters impacting thermal performance and reduce overdesign. Employing the Statistical Error
Analysis (SEA) method across several operational scenarios, the research identifies key factors, in-
cluding the Earth’s infrared temperature and albedo, and the spacecraft’s attitude and environmental
conditions, as the variables with major influences on the system’s thermal performance. Ultimately,
the findings suggest that uncertainty-based analysis is a potent tool for guiding thermal control
system design in space platforms, promoting efficiency and reliability. This methodology not only
provides a framework for optimizing thermal design and testing in space missions but also ensures
that instruments like the VINIS telescope maintain optimal operating temperatures in diverse space
environments, thereby increasing mission robustness and enabling precise resource allocation.

Keywords: uncertainty; SEA; telescope; design; efficiency

1. Introduction
1.1. The Relevance of Thermal Testing in Spacecraft Instruments

In aerospace engineering, the tolerance for error is extremely limited, requiring
rigorous analysis. This is particularly important in spacecraft development, which is
constrained by weight, space availability, and high launch costs [1]. The opportunity to
correct design flaws once a satellite is in orbit is minimal, highlighting the importance
of avoiding errors at the design and manufacturing phases [2]. The primary strategy
to mitigate these risks is error prevention, which is especially challenging in system
elements which require high accuracy.

The importance of thermal testing in this context cannot be overstated. Given the
harsh space conditions, spacecraft instruments must be designed to operate reliably within
a range of thermal environments. These conditions vary widely, from the intense cold of
shadowed space to the severe heat when exposed directly to the sun. Thermal testing,
therefore, plays a pivotal role in spacecraft development. It serves as a critical check against
the theoretical models used in the design phase, offering a practical assessment of how
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spacecraft instruments will perform under the thermal conditions they will face in space.
This testing phase enables engineers to identify and address potential thermal performance
issues, thereby reducing the risk of failure and the costly prospects of in-orbit adjustments.

Moreover, the evolving landscape of space exploration demands ever-increasing
levels of precision in spacecraft instrumentation, especially for missions involving Earth
observation, planetary exploration, and deep space scientific research. Instruments like the
VINIS Earth observation telescope, developed by the Instituto de Astrofisica de Canarias
(IAC), exemplify the need for such precision. These missions depend not only on the
accurate collection of data but also on the reliability of instruments to operate within
expected thermal parameters.

It is within this context that the integration of uncertainty analysis methodologies
emerges as a key strategy for enhancing design efficiency. By conducting a thorough
uncertainty analysis on the thermal model, engineers can identify critical parameters that
impact thermal performance. This approach not only aids in reducing overdesign but also
contributes to cost savings in future testing phases. Thus, uncertainty-based analysis is not
merely a theoretical exercise; it is a practical tool that guides the design of thermal control
systems, ensuring spacecraft instruments can withstand the variable conditions of space.
This methodology enhances mission robustness, enables precise resource allocation, and,
ultimately, secures the success of space missions.

This paper is organized as follows. Section 1 outlines the importance of thermal
testing in spacecraft design due to the strict constraints in aerospace engineering and
introduces uncertainty calculation as a tool for thermal analysis. Section 2 details the
methods for uncertainty calculation applied to spacecraft thermal control. The results in
Section 3 present insights into thermal performance and the impact of uncertainties, leading
to Section 4’s discussion on the key thermal drivers. The paper concludes in Section 5,
emphasizing the role of uncertainty analysis in enhancing the design and reliability of
spacecraft thermal control systems.

1.2. Uncertainty Calculation

In complex system design, the use of mathematical models is essential. They are
crucial for initial system trade-off analyses, design refinement, and performance evalua-
tion, aligning with the system objectives. The accuracy and efficiency of these models in
representing the physical system and predicting behavior within their application domain
are critical, necessitating thorough validation [3].

The fidelity of models in mirroring reality depends on several factors. These include
the unknown parameters, the limitations in capturing certain phenomena, and the chal-
lenges in accounting for all possible configurations [4-7]. Parameters, typically defined
under ideal or constrained test conditions, may not always represent the real system accu-
rately. Engineers often introduce equivalent effective parameters to manage the geometric
complexities and interactions between components, a task that grows more complex with
increasing system scale [8].

Recognizing and integrating the inherent uncertainties in the numerical model out-
comes is essential throughout all the analysis stages. This integration significantly influ-
ences decision-making in design and project management, particularly in the early phases
where approximately 85% of the project’s lifecycle costs are determined [9]. Addressing
uncertainties related to manufacturing, material properties, positioning, mounting, envi-
ronmental conditions, and modelling processes is crucial for ensuring robustness, reliability,
and safety of the systems.

The framework of Uncertainty Quantification (UQ) is applicable in various fields,
which ranges from deterministic models based on physical laws to models for complex
socio-economic phenomena (like the efficiency of sustainability policies in the European
Union [10]), groundwater modelling [11], ocean dynamics [12], remote sensing [13], and
aircraft design [14]. This approach increases the likelihood of mission success and assists
in efficient resource utilization and risk mitigation. Despite its benefits, UQ is not widely
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implemented in the design of space missions. The diversity of methods presented in the
specialized literature can sometimes make this analysis challenging.

Uncertainty analysis is often conducted alongside sensitivity analysis, yet these two
concepts have different focuses, and their distinction is often blurred in the existing liter-
ature. Sensitivity analysis evaluates the effects of variations in input parameters on the
outputs, while uncertainty analysis encompasses the assessment of all possible outcomes
and their associated probabilities.

Methods for sensitivity analysis are classified based on the characteristics of the math-
ematical model, such as nonlinearities or the effects of simultaneous parameter variations,
and how they influence the results of uncertainty analysis. These methods fall into three
primary categories: screening methods, local sensitivity analysis, and global sensitivity
analysis [15]. Screening methods prioritize parameters by importance without detailed
quantification. Local methods focus on uncertainties close to the nominal solution but may
overlook significant effects. Global methods cover the entire range of parameter validity,
capturing important model characteristics, including nonlinearities and wide parameter
validity intervals.

Another way to categorize these methods is based on the type of information sought
from the analysis [16]. This includes screening methods, importance measurements (which
compare statistical values of parameters derived from outputs to those of input parameters),
and techniques for deeper exploration of sensitivities (providing comprehensive knowledge
of the model’s behavior in parameter space).

Uncertainties in modeling are classified as either random, arising from the inherent
unpredictability of natural phenomena, or epistemic, resulting from gaps in informa-
tion during system modeling [17]. Random uncertainties are represented using probabil-
ity distributions and require expert knowledge to develop representative distributions
for the parameters involved [18]. Epistemic uncertainties are further divided into phe-
nomenological uncertainties, linked to unknown information in innovative projects, and
model-associated uncertainties, originating from the limitations in the precision of the
mathematical model [19].

1.3. Application of Uncertainty Calculation in the Aerospace Domain

Uncertainty significantly influences aerospace designs, whose impact can be either
advantageous or detrimental to the system performance. Assessing and understanding
the extent and impact of this uncertainty is essential. Therefore, uncertainty analysis is a
useful tool in aerospace engineering for risk management. By quantifying uncertainties
in system components and processes, engineers can more effectively predict and mitigate
potential failures, enhancing the safety, reliability, and effectiveness of space missions. This
approach requires a comprehensive understanding of how different uncertainties interact
within the overall system [20,21].

UQ in aerospace engineering is important not only for design and manufacturing
improvement but also for the planning and developing of testing campaigns. By identifying
the system elements most susceptible to uncertainty and which have a higher impact on
performance, engineers can focus their testing strategies on these critical aspects, improv-
ing testing efficiency and the overall reliability of the system. This process represents
an integration of theoretical analysis, empirical data, and practical experience, evolving
continuously with new insights and contributing to the development of robust and resilient
aerospace systems.

1.4. Application of Uncertainty Calculation in Spacecraft Thermal Analysis

A two-phase methodology is commonly used in the process of thermal control and
design for space systems [22-24]. Initially, engineers establish scenarios that represent
worst-case design conditions, combining the most challenging environmental factors (such
as solar irradiance or planetary infrared radiation) with demanding operational conditions
(like internal heat dissipation and the degradation of material and optical properties).
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Following the analysis of these scenarios, predetermined design margins, also known as
uncertainty margins, are applied to the results. These margins are designed to address
uncertainties in parameters during the initial analysis.

The most common practice in thermal design is to adhere to predefined margins,
determined from statistical analyses of temperature predictions versus actual measurements
from several spacecraft operations once in orbit. These margins, reflecting the deviation
between predicted and actual temperatures, have not seen significant updates since the last
revision by NASA in 1994 [25], though more recent studies [26-30] suggest the need for
mission-specific margins, considering their unique nature.

The application of uncertainty analysis in thermal control provides an alternative to
the traditional fixed-margin approach. It employs the results of uncertainty assessments
to establish design margins. This methodology is broadly categorized into two types of
methods: One-At-a-Time (OAT) and stochastic methods. OAT approaches, exemplified
by Statistical Error Analysis (SEA), offer simplicity and speed at the cost of model simpli-
fication. In contrast, stochastic methods like Monte Carlo Simulation (MCS), involving
hundreds of solves of the complete thermal model, yield results closer to the actual thermal
performance but also bring longer computation times and a lack of detailed insights into
how each parameter individually contributes to the overall uncertainty.

In terms of data availability for uncertainty parameters in thermal systems, there
is a significant lack of information. The probability distributions associated with these
parameters, often assumed to be Gaussian normal, may vary significantly across different
project phases. In the initial stages, distributions with higher uncertainty, such as uniform
or triangular distributions, are more commonly assigned due to undefined parameter
values [31,32]. However, as the project progresses and specific choices are made (e.g.,
selecting a particular type of paint for a radiator), the distribution may shift towards a
normal distribution due to random variations between samples.

1.5. Research Objectives

The primary objective of this research was to assess the effectiveness of uncertainty
analysis methodologies for identifying design drivers and allowing for a more efficient test
campaign planning. The research focused on a conceptual design of a satellite platform
capable of accommodating the VINIS Earth observation telescope, an initiative of the IAC.
The study sought to apply the methodology to identify the thermal parameters that mostly
influence the system’s performance. This approach is intended to enhance the design
process, ensuring the telescope operates optimally in its intended environment. A critical
aspect of this objective is to mitigate the risk of overdesign by avoiding the implementation
of unnecessary margins or to identify points in the design where those predefined margins
could be insufficient, which might be even worse. To achieve this main objective, the
following secondary objectives have been outlined:

e  Development of a conceptual thermal model for a platform capable of supporting the
VINIS instrument.

e  Conduct an analysis of the expected thermal environment that the VINIS instrument
will encounter. This analysis will be based on the platform as defined in the previous
objective, ensuring a comprehensive understanding of the thermal challenges and
requirements in the operational context.

e  Design and propose a passive protection system for the VINIS instrument. The aim of
this system is to maintain the instrument’s temperature within a controlled range of
—10 °C to +30 °C, thereby ensuring optimal performance and longevity under varying
space conditions.
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2. Materials and Methods
2.1. Uncertainty Calculation Methods Applied to the Thermal Domain

There is no standardized method for calculating uncertainties for space thermal analy-
sis. However, as mentioned in the introduction, there are three prevalent methods generally
adopted: the application of pre-established margins, OAT methods, and stochastic methods.

2.1.1. Fixed Margins

The most employed approach in space thermal design is the use of fixed margins,
which are based on statistical analyses that compare outcomes from mathematical models
with actual flight data [33-37]. This technique is implemented from the start of a project
and continues throughout the design phase. However, these safety factors, often based on
engineering judgment and applied to worst-case scenario results, lack a reliable quantifica-
tion method, leading to ambiguity. Although they are intended to add conservatism, these
factors can inadvertently lead to a false sense of safety. Furthermore, basing system designs
on such margins can result in overdesign, incurring unnecessary expenses, especially in
large missions.

2.1.2. OAT Methods

Among OAT methods, SEA is a conventional approach, originating from the methods
of Kline and McKlintock in 1953 for the statistical analysis of experimental samples [38].
SEA computes uncertainties by multiplying sensitivity coefficients dT;/dxy (temperature
derivatives of parameters) by parameter uncertainties at a specified confidence level. The
final uncertainty is obtained from the contributions” Root Sum Square (RSS). Given the
uncertainty values w, for the x; parameters for a defined level of confidence oy, the
uncertainty of each of the T; temperatures can be expressed as follows:

1/2

o — [(BT(xl,...,xk)wﬂ>2+m+ (aT(xl,...,xk)ka>2] O

8x1 8xk

Despite its simplicity and suitability for initial approximations, SEA has limitations,
including its assumption of linear models, statistical independence, and normal distribution
of parameters. It aligns with procedures endorsed by ESA per their ECSS, but recent
standards do not provide methods for uncertainty calculation.

2.1.3. Stochastic Methods

Recent advances in computational resources have promoted the adoption of stochastic
methods such as MCS for uncertainty analysis assessment in mathematical models [39].
Unlike other methods, MCS does not depend on oversimplified assumptions. Nevertheless,
it requires examining probability distribution data for each parameter uncertainty. These
data, which can be found in several sources [40—43], usually presume uniform or normal
distributions. In scenarios where specific data are not available, uniform distributions are
used to represent an equal likelihood of all values within the defined range.

2.2. Spacecraft Thermal Control
2.2.1. Thermal Environment

In adherence to the specifications laid out by the IAC for the VINIS instrument,
the thermal analyses are conducted in a predefined orbital scenario. This orbit scenario,
consistent across all cases, is a Sun-Synchronous Orbit (SS0O) at an altitude of 550 km, with
an inclination of 97.7° and a Local Time of Ascending Node (LTAN) at 11:00 AM (Right
Ascension of Ascending Node (RAAN) = 30°). The primary distinction between the hot
and cold orbit scenarios lies in the Earth-Sun distance: for the cold cases, it is set at Earth’s
aphelion (1.52 x 10° km), and for the hot cases, at the perihelion (1.47 x 106 km). In an SSO,
the spacecraft experiences key factors that significantly affect its thermal environment.
Notably, the spacecraft faces periodic eclipse events, leading to cyclic thermal conditions
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due to the lack of direct solar radiation, which requires a thermal control system capable of
effectively dissipating heat when exposed to the sun and retaining it during eclipses. The
orbit’s polar nature also subjects the spacecraft to varying thermal conditions at different
latitudes, influenced by Earth’s albedo and infrared radiation. This demands a thermal
control system that is both robust and adaptable, which is able to handle a range of
thermal inputs.

The thermal environment must maintain a temperature range of —20/+40 °C at the
platform level and —10/+30 °C for the telescope, including the baffle and optical bench.
For specific components like the Back End Electronics (BEE) and Focal Plane Assembly
(FPA), the maximum allowable temperatures exceed these ranges, reaching up to 65 °C.

2.2.2. Thermal Model

A comprehensive systems engineering analysis was conducted to determine the most
suitable platform to allocate the VINIS telescope. An initial assessment indicated that while
it is feasible to find platforms with a payload mass capacity of 20 kg, it is challenging to
find one that offers a volume compatible with VINIS and the desired EELV Secondary
Payload Adapter (ESPA) size. A critical aspect of the platform design is maintaining the
telescope’s Earth orientation to prevent freezing, which may occur if the satellite loses
attitude control. This issue potentially needs a protective cover for the telescope, thus
increasing the complexity of the design.

After evaluating up to three configurations with their corresponding preliminary
thermal models in the initial project stage, it was concluded that the detailed thermal
response of the telescope would be assessed using a platform comprising a prismatic
square structure made of sandwich panels. This structure includes a service module at the
rear side of the telescope frame. The entire structure would be enveloped in a Multi-Layer
Insulation (MLI) blanket, providing thermal stability, and equipped with a thermal radiator.
Additionally, it would feature two deployable solar panels capable of being oriented on
a perpendicular axis to two platform external faces, as shown in Figure 1. While the
inclusion of deployable solar panels adds technical complexity, this configuration allows
for maximized energy extraction with minimum: size.

The platform’s structure is primarily made of sandwich panels with aluminum core
and CFRP skins for their advantageous thermo-mechanical properties. The telescope
assembly, instead, is designed based on the iso-thermal and iso-static mounting principles,
ensuring thermal stability and uniform temperature distribution. The structure which
surrounds both the Primary (M1) and Secondary (M2) metallic mirrors is made of the same
aluminum material. Additionally, aluminum 6061-T6 is used in other components, such as
the radiator and antenna.

In terms of thermo-optical properties, the complete platform is wrapped in MLI
blankets, with Kapton on the outer layer and VDA on the inner. Optical elements, including
mirrors, receive a reflective silver coating to enhance their performance, while solar panels
are modeled with a gallium arsenide surface finish with absorptance depending on the
panel’s efficiency. The employment of black paint across most of the elements serves dual
purposes: thermal control and stray light mitigation within the telescope. Conversely,
white paint is applied to the radiators and antennas to reflect heat.

Figures 1-3 provide an overview of the Geometrical Mathematical Model (GMM)
across three levels of simplification, setting the stage for the subsequent presentation
of results. The three levels of simplification begin with the integration of the VINIS
platform and telescope assembly. The focus then shifts to the telescope assembly, examining
components like the baffle and mounting panels. The most detailed level centers on the
VINIS telescope itself.

As for the Thermal Mathematical Model (TMM), there are several points which also
deserve to be emphasized. The connection between the electronics and the radiator was
modeled through a linear conductor of 0.4 W/K in both cases. After adjusting the TMM, it
was concluded that the radiator should have dimensions of 0.3 m x 0.3 m. Regarding the
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insert-type joints on the sandwich panels, they were computed accounting for (i) the contact
conductance between the insert and any external surface, (ii) the through-conductance
of the potting material, and (iii) the contact between potting and the honeycomb core.
These calculations led to a linear conductor in between the telescope—platform electronic
box-vertical optical bench of 0.004 W/K. As for the connection of the BEE and FPA to their
respective supports, these were carried out through a contact conductance of 300 W/m?K.
Finally, it was made a capacitance adjustment according to a VINIS CAD model.
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(SOL-PAN)

ANTENNA
(ANT)

RADIATOR
(RAD)

MLI
(MLD

BATTERY
EPS BOX
Eps-Box)  (BATD)

OBDH BOX

(OBDH)
VINIS ASSEMBLY

[DETAIL LEVEL 2]

REACTION WHEELS
(RW)

STRUCTURE
(STR)

Figure 1. Elements included in the VINIS platform (first level of detail).
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Figure 2. Elements included in the VINIS telescope assembly (second level of detail).
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Figure 3. Elements included in VINIS telescope (third level of detail).

2.2.3. Thermal Cases

The analysis cases were derived from exploring several thermal scenarios, focusing
on the effects of different operational modes and spacecraft attitudes. The spacecraft’s
operational modes include the following;:

e Sun Pointing. Used for powering subsystems and recharging batteries. The solar
panels are aligned perpendicularly to the Sun, while the telescope points towards
nadir to avoid excessively cold temperatures.

e  Science. The telescope is directed towards Earth for observations, with solar panels
optimized for maximum sun exposure.

e  Communications. Here, the spacecraft’s antenna is oriented towards Earth, specifically
focusing on the Canary Islands. This mode’s positioning is subject to change in the
early design stages due to limited information.

e  Off-pointing. Activated during subsystem failure, directing the telescope away from
Earth to minimize thermal impact.

The study also delves into the internal heat dissipation of the satellite, acknowledging
the high design margins typical of preliminary project stages. These margins are set at
£10% of the nominal value for components like the Electrical Power System (EPS), On
Board Data Handling (OBDH), reaction wheels, and instrument components (BEE and
FPA), aiming to avoid overdesign.

To assess the thermal effectiveness of these configurations, four thermal cases are
examined: Consecutive Imaging Case (CIC), Hot Operational Case (HOC), Cold Opera-
tional Case (COC), and Cold Non-Operational Case (CNOC), each with unique operational
modes and power dissipation profiles. Key aspects are presented in Tables 1-3 and include
the following:

e CIC. Follows a descending Sun-Synchronous Orbit (SSO), emerging from an eclipse
over the North Pole, and includes three science measurements and a communication
window over the Canary Islands.

HOC. Combines ground contact and scientific operations under continuous sunlight.
COC. Entails multiple Sun Pointing orbits followed by scientific measurements after
emerging from an eclipse.

e (CNOC. Keeps an off-pointing mode throughout the orbit with constant heat dissipa-
tion from the EPS and OBDH subsystems.
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Table 1. Operation modes and total power dissipation under the CIC scenario.

Operational Mode and Attitude % Orbit Time Total Power Dissipation [W]
Sun Pointing 1 25.0 16.5
Science Pointing 53 16.5
Science Imaging 1 1.0 33.5
Science Post-Processing 1 2.6 22.5
Science Imaging 2 1.1 33.5
Science Post-Processing 2 2.6 22.5
Science Imaging 3 1.1 33.5
Science Post-Processing 3 1.7 22.5
Comms Pointing 4.4 16.5
Comms Data Link 2.5 26.5.
Sun Pointing 2 52.8 16.5

Table 2. Operation modes and total power dissipation under the COC scenario.

Operational Mode and Attitude % Orbit Time Total Power Dissipation [W]
Sun Pointing 1 68.7 14.85
Science Pointing 5.5 14.85
Science Imaging 1.1 30.25
Science Post-Processing 49 20.25
Sun Pointing 2 19.8 14.85

Table 3. Operation modes and total power dissipation under the HOC scenario.

Operational Mode and Attitude % Orbit Time Total Power Dissipation [W]
Sun Pointing 1 10.8 18.15
Comms Pointing 49 18.15
Comms Data Link 6.4 18.15
Science Pointing 6.2 18.15
Science Imaging 1.0 36.75
Science Post-Processing 4.3 24.75
Sun Pointing 2 66.4 18.15
3. Results

3.1. Thermal Results (Baseline)

During the evaluation of the results, an investigation was conducted on the evolution
of maximum and minimum temperatures, average temperatures, temperature slopes, and
gradients within parts. It was demonstrated that the incorporation of MLI and a radiator
as passive control measures generally ensured a satisfactory satellite performance.

For the computation of the CIC results, the dissipation profile was based on av-
erages between the HOC and COC. This approach provides a comprehensive under-
standing of the expected orbital conditions under a representative scenario. Given the
high frequency of science operations, as indicated in Table 1, this scenario resembles
a variant of the HOC. In this context, a more pronounced thermal gradient within the
telescope was observed, presumably due to increased mean dissipations from continu-
ous operations. Nonetheless, all components met the operational temperature ranges
within the nominal operation profile.

In the HOC, a local thermal gradient of approximately 30 °C (Figure 4) was observed
in the outermost part of the central baffle, particularly towards the end of the science
phase. The evolution (in green) and temporal variation (blue) of this gradient during the
orbit can be seen in Figure 5. This local effect, induced by direct solar radiation during
polar observations, has the potential to adversely affect optical performance by elevating
the temperature of the central baffle beyond established limits. Although passive control
measures may not suffice to mitigate these effects, adjusting the satellite’s attitude could be
an effective strategy.
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Figure 4. Baffle local thermal gradient under the HOC.
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Figure 5. Variation of the temperature gradient (green curve) and temperature gradient slope (blue
curve) on the main baffle under the HOC.

The COC analysis identified significant thermal gradients, particularly at the end of
the science imaging phase. These gradients, predominantly orthogonal to the observation
direction, were observed mainly on the main baffle and the horizontal optical bench.
Additionally, a through-thickness temperature gradient was noted on the vertical optical
bench, primarily arising from the temperature disparity between the cold outer space and
the heat dissipation of electronic components. Nevertheless, the study also highlighted
that the use of the same material across the telescope assembly, including the M1, M2, and
spider, effectively minimized thermal gradients.

Finally, during the CNOC, numerous subsystems failed to meet temperature require-
ments. Passive control measures proved inadequate in elevating the low temperatures
affecting the instrument, needing the inclusion of active thermal control mechanisms, such
as heaters.

3.2. Uncertainty Analysis

The uncertainty analysis was performed by applying the SEA method. Although
it presents some limitations, it is an excellent tool for a first approximation. In this way,
the uncertainty associated with the parameters with a random nature was calculated.
Additionally, a modeling uncertainty was considered. The typical value in uncorrelated
models ranges between 2 to 5 °C. Due to the level of detail of the model, the design
phase, and the type of geometry and MLI considered, a 3 °C uncertainty was added
to the calculated margins. For example, if w = 11.5 °C was the calculated uncertainty,
w = 14.5 °C was the considered uncertainty value. The values for the uncertainty of the
different parameters were obtained from [44] and were for a 20 confidence level (95.4%
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confidence interval). Table 4 presents the different types of parameters. In total, the analysis
encompassed the evaluation of up to 104 different parameters.

Table 4. Main input parameters, symbols, and uncertainty applied.

Parameter Type Symbol Uncertainty Applied

IR emissivity g 5%

Solar absorptance o; 5%
Sun temperature Ts 21K
Earth temperature Tk 16 K

Earth albedo a 0.1
Heat dissipation Q; 20%
Thermal capacitance C; 7.5%
Thermal conductivity (general) k; 10%
Thermal conductivity (composite) ki, i = CFRP/Honeycomb 30%
Contact coefficients h; 100%
Linear conductor GL; 100%
MLI efficiency MLIgpr 50%

The findings for the absolute minimum and maximum temperatures, along with their
corresponding uncertainty margins across three scenarios, are presented in Tables 5-7. The
maximum and minimum temperatures correspond to the ones reached by the satellite
element, regardless of the orbit moment and whether they correspond to the same thermal
node or not. Emphasis is placed on the results corresponding to the VINIS telescope
assembly (components of the second level of detail, Figure 2). This focus is driven by the
study’s objective, which is to devise passive methods to maintain the temperature of the
telescope’s surrounding structure within the necessary operational range.

In the last part of the uncertainty analysis, a results decomposition from all
three scenarios was performed. In this way, a physical understanding of the prob-
lem was attained, and all the relevant parameters to be tracked in future stages of the
design were identified. Among the 104 parameters assessed, only 18 accounted for over
99% of the total uncertainty within any section of the telescope or its assembly. Further-
more, out of these 18 critical parameters (detailed in Table 8), 6 were associated with
local phenomena, with the other 12 being the drivers of the overall thermal behavior.

Table 5. CIC scenario, absolute minimum and maximum temperature for each element along the
orbit, for the VINIS telescope assembly (temperatures in °C) and SEA method.

Tin Tinax Winin Wmax TnintWimin ~ Tmax+Wmax Tminﬁreq Tinax_req
BIP 15.3 17.3 11.2 11.3 4.1 28.6 —10.0 30.0
CEN-BAF 0.5 16.9 10.1 11.2 -9.6 28.1 —10.0 30.0
ELEC-BOX 21.2 21.8 11.3 11.3 9.9 33.1 —20.0 65.0
BEE 24.0 29.9 11.2 11.6 12.8 41.5 —20.0 65.0
VER-OB 17.2 18.4 11.3 11.3 59 29.7 —10.0 30.0
HOR-OB 6.9 17.6 10.6 11.4 -3.7 29.0 —20.0 40.0
Table 6. HOC scenario, absolute minimum and maximum temperature for each element along the
orbit, for the VINIS telescope assembly (temperatures in °C) and SEA method.
Tinin Tinax Winin Winax Tinin+tWmin ~ Tinax+Wmax Tinin_req Tinax_req
BIP 16.2 17.7 11.6 11.6 4.6 29.3 —10.0 30.0
CEN-BAF 3.6 55.5 10.9 19.8 -7.3 75.3 —10.0 30.0
ELEC-BOX 20.2 20.6 11.6 11.6 8.6 322 —20.0 65.0
BEE 21.7 25.2 11.5 11.5 10.2 36.7 —20.0 65.0
VER-OB 171 18.6 11.6 11.7 55 30.3 —10.0 30.0
HOR-OB 10.2 18.7 11.3 11.8 -1.1 30.5 —20.0 40.0
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Table 7. COC scenario, absolute minimum and maximum temperature for each element along the
orbit, for the VINIS telescope assembly (temperatures in °C) and SEA method.

Tin Tinax Winin Wimax Tnint*Wimin ~ TmaxtWmax Tmin_req Tinax_req
BIP 24 4.0 10.5 10.6 -8.1 14.6 —10.0 30.0
CEN-BAF —94 4.0 9.8 10.6 —-19.2 14.6 —10.0 30.0
ELEC-BOX 6.5 6.7 10.6 10.6 —4.1 17.3 —20.0 65.0
BEE 7.8 10.7 10.5 10.5 —2.7 21.2 —20.0 65.0
VER-OB 3.3 49 10.6 10.6 -7.3 155 —10.0 30.0
HOR-OB —3.2 5.1 10.1 10.7 —13.3 15.8 —20.0 40.0

Table 8. Principal contributors to thermal uncertainty.

Group Symbol Name
Optical properties XBLACK—V VINIS black paint solar absorptance (telescope)
Optical properties EKAPT—S Satellite Kapton IR emissivity (MLI)
Optical properties XK APT—S Satellite Kapton solar absorptance (MLI)
Optical properties EWHITE-S Satellite white paint IR emissivity (radiators)
Environment T Earth temperature
Environment a Earth albedo
Heat dissipation QOBEE BEE heat dissipation
Heat dissipation Qkps EPS heat dissipation
Heat dissipation Qrpa FPA heat dissipation
Heat dissipation QoBDH OBDH heat dissipation
Heat dissipation Qrw RW heat dissipation
Thermal capacitance CBEE_BOX BEE structure thermal capacitance
Thermal capacitance CBEE_pCB BEE PCB thermal capacitance
Contact coefficient hEpa FPA thermal contact coefficient
Linear conductor GLiNs Honeycomb insert linear conductor
Linear conductor GLRrAD_EPS EPS to radiator linear conductor
Linear conductor GLrAD-0OBDH OBDH to radiator linear conductor
MLI efficiency MLIggp MLI effective emittance

The analysis detailed below evaluates the specific impact of uncertainty from each
parameter, quantifying it as a percentage of the overall temperature uncertainty. This
evaluation covers all components comprising the VINIS telescope assembly, as depicted in
Figure 2. Consequently, every segment of the pie chart illustrates the contributions to the
RSS of Equation (1), with each expressed as a percentage of w3..

Figure 6 provides a detailed overview of each parameter’s contribution to the total
thermal uncertainty, highlighting the contributions to the CIC scenario and minimum tem-
perature (T),;,) conditions. Generally, these contributions do not significantly differ from
other scenarios and maximum temperature (T},,x) conditions. Nevertheless, an exception
occurs to the CEN-BAF in the HOC scenario, which exhibits a substantial difference; these
findings are compiled in Figure 7.

203



Aerospace 2024, 11, 231

BIP CEN-BAF

AKAPT-S 2% g 1% QoBpH 2% _ GLgap-gps 2%

ExaPT-5 2% \ |

GLiys 3%\-\
Qrw 5%
Qeps 8%
\

MLIgpp 10%_~

€KAPT-5 2%
GLpap-gps 3%

AgAPT-5 2%

QoBpH 3% —_
GLyys 4% _

a 7%

"Tg 51%

MLIger 8%_/
a 11%._~
Qkps 1%/

ELEC-BOX BEE

EWHITE-S 2%
ExapT-s 2% __ XKAPT-52%

Glpap-eps 3% \
QospH 3%
a s%__
GLyys 5% __

EKAPT-S 2% _ XKAPT-5 2%

QBeE 1% GLpap-EPSs 3! \ I
QosoH! 3%

QBEE4%
a 5%__
Tg 47%
GLys 5% —

EWHITE-S 1%

MLIgpr8%_/
MLIgrr 8%/
Qrw 9"/ Qrw 8%
Qeps 14% Qeps 13%_/
VER-OB HOR-OB
€kapT-5 2% _YKAPT-S 2% _ EwHITE-52% EKAPT-5 2%~ GLpap_£ps 2%
| I_ Ak apT-5 2%
QospH 3% QospH 2%\ |
GLpap-£ps 3% GLys 3%
GLINS 5% QRW 5%~
QEeps 8%
a 6% N

Qrw 8% —
Tg 54%

a 10%]

MLIEFFAB%_/

Do T MLIge 1%/

Figure 6. Breakdown of primary factors contributing to the thermal uncertainty of each of the
VINIS telescope assembly components (second level of detail). CIC case and minimum temperature
(Tyin) results. Color coding is used to differentiate parameter groups: optical properties in red,
environmental parameters in orange, heat dissipation in green, linear conductors in blue, and MLI
efficiency in yellow.
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Figure 7. Breakdown of primary factors contributing to the thermal uncertainty of each of the
CEN-BAF and CIC cases, for both the minimum temperature (T},,;,, left) and maximum temperature
(Tiax, right) results. Color coding is used to differentiate parameter groups: optical properties in red,
environmental parameters in orange, heat dissipation in green, linear conductors in blue, and MLI
efficiency in yellow.

4. Discussion
4.1. Evaluation of the Uncertainty Results

The results from Tables 5-7 show the predicted temperatures as a result of applying
the margins to the calculated temperatures and the thermal requirements to compare if the
results are within the allowable limits.

Concerning the telescope assembly, it is noted that the environmental temperatures
generally remain within the required range for all scenarios, except for the telescope
baffle (CEN-BAF). The baffle’s temperature deviations are largely attributed to the extreme
orientations adopted during the imaging of Earth’s poles in both hot and cold cases. This
indicates that, firstly, temperature control within the telescope assembly is achievable
through precise pointing strategies, and secondly, a careful planning of telescope pointing
operations is essential to prevent achieving temperatures outside the required range,
which could negatively impact optical performance. Moreover, the highest and lowest
temperatures typically occur at the most external sections of the telescope. Radiative heat
transfer tends to mitigate these temperature gradients, suggesting that these variations
may ultimately be within the limits.

Lastly, it is noteworthy that the uncertainty associated with the baffle’s maximum
temperature in the HOC is nearly twice as large as that in the other scenarios. This
underscores the thermal challenges posed by the direct influx of solar radiation into the
telescope, emphasizing the need for effective thermal management strategies to counteract
such effects.

A comparative analysis of the uncertainty margins calculated using the SEA method
with the +10 K margin proposed by the ECSS for a Phase B study [44] reveals that, ex-
cept for the wy,qy at the central baffle (CEN-BAF), the margins are generally close to the
recommended limits. This trend holds true for the telescope components (third level of
detail, Figure 3). However, for the VINIS platform parts (first level of detail, Figure 1), the
calculated uncertainties exceed the recommended range in some cases.

4.2. Main Thermal Drivers

Upon analyzing the uncertainty decomposition, it becomes evident that the Earth’s IR
temperature stands as the predominant source of uncertainty in all scenarios, with albedo
also contributing significantly to most cases. Such implications could be anticipated due
to the low satellite’s altitude, as well as its attitude, exposing it to a wide spectrum of IR
temperatures and albedo changes. These fluctuations stem from the Earth’s varied surface
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features, including oceans, forests, and cloud-covered regions. Thus, these elements of
uncertainty are inherent to the satellite’s operation and cannot be acted upon, but the
design can accommodate this uncertainty in the optical performance budget. There are
other sources of uncertainty which are elements of the design of the satellite, and these
should be the next focus of attention.

Furthermore, the platform’s thermal design parameters emerge as crucial factors
influencing the VINIS’s thermal performance. The parameters that are the main sources
of uncertainty in this regard regulate the main heat paths that drive the thermal behavior.
They can be seen in Figure 8 and are the following;:

1.  The service module’s heat dissipation represents the major source of controllable
uncertainty in the problem (Qrps, Qrw, QospH)

2. The heat flux through the MLI, influenced by the MLI’s efficiency and the thermo-
optical properties of its outer layer (MLIErr, ekAPT—S, AKAPT—S)-

3. The heat path through the radiator, including the conductive couplings to it, and the
IR emissivity of its white paint coating (GLrap—£ps, GLRAD—OBH, EWHITE-S)-

AKAPT-S
EWHITE-S

EKAPT-S

MLIgre

Figure 8. Main contributors to the thermal uncertainty of the VINIS thermal model.

Keeping these parameters under check and reducing their uncertainty as early in the
project as possible will ensure that the thermal design is reliable and robust. This can be
achieved by tailoring the engineering test program.

Other parameters, such as the inserts” conductive coupling, also contribute to the total
uncertainty. Nevertheless, its implications are challenging to quantify due to their presence
in most of the platform’s conductive heat paths. Additionally, certain parameters may
become significant in the detailed thermal analysis of specific components, such as the FPA.

4.3. Proposed Thermal Testing Model

The benefits of adopting an uncertainty-based analysis methodology will be demon-
strated during the testing process. By identifying the key thermal drivers through this
analysis, the test campaign can be streamlined, focusing on elements that have the great-
est impact on the final design. This targeted approach leads to a more efficient and
cost-effective testing strategy. It eliminates the need for the extensive testing of every
component, allowing for a more focused allocation of attention and resources towards
critical aspects that dictate the satellite’s performance. Such an approach not only simplifies
the development process but also enhances the effectiveness of thermal testing, ensuring a
more reliable and robust satellite design.
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Considering the uncertainty analysis findings, a proposed approach to the design
process is outlined as follows:

1. Prioritize the detailed identification of heat dissipation values early in the design
process, as these will significantly influence the temperature levels within the satellite,
aside from the environmental and platform design factors.

2. During the development of the Structural and Thermal Model (STM), it is essential for
engineers to pay special attention to the MLI. Since its performance has significant im-
plications, the MLI employed in the STM should closely mirror that of the final design
in materials, thickness, size, and openings. This alignment will help in minimizing
the uncertainty associated with both its effectiveness and optical properties.

3. The STM will allow for retrieving high-resolution temperature measurements from
specific points to correlate with the inserted conductive couplings, ensuring accurate
thermal modeling.

4. It would be beneficial to treat the thermal straps for radiators as a degree of freedom,
allowing for modifications during testing. These straps should be incorporated into
the tests, yet with the flexibility to make modifications. This approach facilitates the
fine-tuning of the satellite’s operating temperature to achieve optimal performance,
once other non-tunable parameters with large uncertainties, like the MLI effective
emittance, are determined.

5. Moreover, engineers could consider a cost-effective Thermal Vacuum Chamber (TVAC)
STM test that ensures the representativeness of these critical elements. Focus on the
representativeness of the MLI should be the key, and considerations of the straps
as per point 4 should apply. Other elements in the design may not need to be so
representative, allowing for two things:

i Less expensive hardware/less engineering hours employed in other elements
deemed to not be critical.
ii. Leaving some elements of the design open when other subsystems still need

some iterations (for example, if there are some doubts on which inserts to use
in some areas or similar).

These elements do not dominate the thermal behavior and, therefore, allow for flexi-
bility without significantly affecting the results.

This methodology diverges from traditional approaches by providing a quantitative
assessment of the impact of uncertainties on thermal performance. It effectively identifies
and evaluates critical thermal drivers, guiding the development of thermal management
strategies. Offering a structured method for prioritizing design and testing efforts, it
introduces an innovative perspective to thermal testing planning, thus improving the
thermal control system’s efficiency and reliability.

Furthermore, the suggested thermal testing model is a novel approach that leverages
uncertainty analysis to streamline the testing process. Concentrating on key thermal drivers
allows for a more targeted and cost-efficient design optimization process, ensuring crucial
uncertainties are addressed promptly to enhance the overall robustness of the design.

5. Conclusions

This study on the VINIS space telescope underscores the significant advantages of
incorporating an uncertainty-based analysis methodology into the satellite design process.
This methodology is instrumental in identifying the key thermal drivers, streamlining the
testing campaign to focus on elements that greatly influence the final design. Such a targeted
approach not only makes the testing strategy more efficient and cost-effective but also
eliminates the need for the exhaustive testing of every component. By concentrating efforts
and resources on the critical aspects that dictate satellite performance, the development
process is simplified, and the effectiveness of thermal testing is enhanced, resulting in a
more reliable and robust satellite design.

Additionally, the findings from the uncertainty analysis provide valuable insights
for the design process. Key recommendations include the early identification of heat dis-
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sipation values, which significantly influence internal temperature levels, and the need
for a careful consideration of the MLI during the development of the STM. The perfor-
mance of the MLI, closely mimicking that of the final design, is crucial, and high-resolution
temperature measurements from the STM are vital for accurate thermal modeling. Flexi-
bility in adjusting thermal straps for radiators during testing is recommended, allowing
for the fine-tuning of the satellite’s operating temperature. A targeted TVAC test on the
STM should focus on these critical elements, ensuring the representativeness of the MLI
and thermal straps, while allowing for some design elements to remain adaptable for
future iterations.

As secondary conclusions drawn from the thermal behavior analysis, the study
presents the following points:

o  The assessment of four operational scenarios (CIC, HOC, COC, CNOC) validated the
effectiveness of passive thermal control strategies in maintaining the telescope within
its optimal operational temperature range, except for minor deviations under extreme
pointing conditions.

e A temperature gradient in the baffle appears to be an inherent challenge that pas-
sive methods alone may not overcome. Accurate pointing is critical to ensure that
the satellite’s baffle temperatures remain within the required limits. Evaluating the
maximum permissible thermal gradient for correct optical performance and adjusting
operational profiles may be advantageous.

e  Frequent scientific observations, as in the scenario, could produce significant tem-
perature gradients, potentially needing a limit on operational frequency to prevent
performance degradation.

These secondary conclusions, derived from the detailed thermal analysis, complement
the primary insights gained through the uncertainty analysis, contributing to a comprehen-
sive understanding of the design and operational challenges of the satellite.
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Abstract: Precision beam pointing plays a critical role in free-space optical communications terminals
in uplink, downlink and inter-satellite link scenarios. Among the various methods of beam steering,
the use of fast steering mirrors (FSM) is widely adopted, with many commercial solutions employing
diverse technologies, particularly focusing on small, high-bandwidth mirrors. This paper introduces
a method using lightweight, commercial off-the-shelf components to construct a custom closed-loop
steering mirror platform, suitable for mirror apertures exceeding 100 mm. The approach involves
integrating optical encoders into two off-the-shelf open-loop actuators. These encoders read the
signal reflected on purposefully diamond-machined knurled screw knobs, providing maximum
contrast between light and dark lines. The resulting steering mirror has the potential to complement
or replace FSM in applications requiring a larger stroke, at the expense of motion speed. In the
presented setup, the mirror tilt resolution achieved based on the encoder closed-loop signal feedback
is 45 prad, with a mean slew rate of 1.5 mrad/s. Importantly, the steering assembly is self-locking,
requiring no power to maintain a steady pointing angle. Using the mirror to actively correct for a
constantly moving incoming beam, a 5-fold increase in concentration of the beam spot on the center
of the detector was obtained compared to a fixed position mirror, demonstrating the mirrors ability
to correct for satellite platform jitter and drift.

Keywords: free-space optical communication; pointing acquisition tracking; tracking; acquisition;
fast steering mirror; CubeSat; position sensing detector; low-earth orbit

1. Introduction

Free-Space Optical (FSO) communication links from Low-Earth Orbit (LEO) to the
ground, as well as inter-satellite links (LEO to LEO) or LEO to Geostationary Earth Orbit
(GEO), have been globally developed by major space agencies. LEO satellites, known for
their decreased latency and capacity for improved bandwidth, present a promising option
for delivering global internet access, especially in remote and underserved areas when
compared to GEO satellites. This has resulted in increased interest from academia and
industry [1]. However, implementing FSO links within LEO satellite constellations poses
unique challenges not encountered by their counterparts.

The challenges of implementing FSO links within LEO satellite constellations stem
from their unique orbit characteristics. LEO satellites, moving at faster speeds (7-11 km/s)
than GEO satellites, face shorter communication windows, necessitating frequent han-
dovers and increasing the risk of disruptions. Unlike GEO satellites, LEO satellites expe-
rience drag from the Earth’s atmosphere, requiring frequent orbital adjustments that can
disrupt communication links and add complexity.
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Pointing, Acquisition, and Tracking (PAT) are critical aspects of FSO systems, ensuring
the precise targeting of the optical signal from the transmitter to the receiver. PAT systems
usually include a steering and tracking capability [2] to establish and maintain the link,
as well as to compensate for the satellite’s motion, atmospheric turbulence, vibration,
and jitters.

Recent flight demonstrations have primarily focused on LEO-to-ground communica-
tion. There is an increasing demand for higher data rates for near real-time downloading of
earth observation data. The first successful reported demonstration occurred in 2010 with a
pioneer LEO-to-ground bidirectional link between the NFIRE satellite and a commercial
laser communication terminal jointly developed by the US and Germany [3]. Subsequent
achievements include the Small Optical TrAnsponder (SOTA) onboard the SOCRATES
satellite in 2014 [4], showcasing stable links over an extended period. In both NFIRE and
SOTA cases, the optical head was mounted on a gimbal with four transmitter channels and
a single receiver.

A significant step toward miniaturization was demonstrated with the OC4 instrument
on board the PIXL-1 satellite in 2021 [5]. This compact system successfully demonstrated a
downlink, incorporating a laser communication terminal with a Fine Pointing Assembly
(FPA) consisting of a 4-Quadrant Diode and a Fast Steering Mirror (FSM) to compensate
for satellite pointing variation. NASA’s AeroCube?B and 7C [6], both part of the CubeSat
Optical Communications and Sensors Demonstration (OCSD) program [7], followed by the
Laser Infrared CrosslinK Mission Click-A system [8] in 2017 and 2022, have also achieved
LEO-to-ground links. While the AeroCube? optical head did not include any beam steering
capability or gimbal mechanism, relying on a high-performance star tracker for attitude
control, and larger beam divergence for link stability, the more recent Click-A incorporated
an FPA similar to the OC4 instrument for closed-loop control of the pointing system.

Another notable miniaturized system for LEO-to-ground communication is CubeCAT,
featuring the optical head developed by TNO [9]. CubeCAT also incorporates an FPA
similar to both CLICK-A and OC4.

Most of these groups are also developing Inter-Satellite Link (ISL) terminals for Cube-
Sats. While for LEO-to-ground links, the telescope’s aperture on the ground can be as
large as needed (typically ranging from 100 mm to 600 mm) to maximize signal to noise
for restricted laser power onboard the satellite, ISL telescope apertures are limited by the
satellite platform dimensions. DLR is working on CubelSL, an ISL version of the OC4 [5].
With Click-B and -C, NASA plans to establish bidirectional ISL between two 6U CubeSats
in the same orbit [10]. Finally, TNO is also working on an ISL version called LEOcat [11],
with a size of 190 x 190 x 250 mm beyond the CubeSat platforms.

Steering mirrors are critical technologies for ensuring stability in pointing and tracking.
Figure 1 illustrates the optical architectures of terminal technologies incorporating steering
mirrors. When the same steering mirror is employed for both the transmitter and receiver,
the steering functionality must compromise between speed (to correct for satellite jitter),
size (to decrease the natural divergence induced by diffraction for the transmitter beam or
maximize the beam collection capability on the receiver channel), and stroke amplitude
(linked to the Field of Regard (FoR)).

In a duplex co-located PAT system, as depicted in Figure 1a, a single mirror is used to
steer both the transmitted and received optical signal. While this configuration offers the
advantage of a simpler design [9,10], it typically requires a separate beacon channel, along
with the use of dichroic beamsplitters to separate the send and receive beams. These beam
splitters necessitate the use of different data wavelengths on opposing terminals.

Alternatively, a duplex bistatic configuration, shown in Figure 1b, features separate
transmitter and receiver optical systems. This approach provides greater versatility in
decoupling the channels, allowing customization of the FoV and divergence for each path
to meet the specific requirements of both the transmitter and receiver.

This paper describes a steering mirror design which can be used on the receiver side
of the ISL. It incorporates a two-axis mirror to increase the angular FoR of the receiver
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(a)

I Beam Expander -

satellite, enabling the use of a small and fast Avalanche Photodiode Detector (APD). Smaller
APDs have a higher cutoff frequency, and current commercial technology achieves up to
4 GHz on a 40-micron photosensitive area. Commercial off-the-shelf (COTS) actuators and
optical encoders are used, offering a simple and compact solution for future CubeSat laser
communication terminals.

Steering Mirror b

Dichroics

Receiver

Figure 1. (a) Simplified transceiver terminal using a single optical train, (b) A simplified optical

transceiver using a separated optical train design. Red corresponds to the transmitted beam data
beam, green to the received data beam, and blue to the received beacon beam.

2. Steering Mirror Design and Trade-Offs

With the growing applications of steering mirrors, the market has seen the introduction
of a diverse range of commercial products [12]. These solutions are available in a selection
of actuator categories, including from electrostatic MEMS actuators, magnetic voice coils
and piezo-stack micro-displacement amplifiers [13-15]. Each technology comes with its
own advantages and trade-offs. MEMS mirrors, for instance, are light weight and have
low power consumption. However, their lower actuating forces require the use of lower
mass mirrors, thereby restricting aperture and optical power handling [16]. Voice coil
actuators offer the advantage of higher actuation forces, enabling the use of larger mirrors
with enhanced power handling and travel range. This comes at the expense of increased
power consumption, heat generation, and limited resolution. Steering mirrors employing
opposing pairs of piezo-stacks, which drive micro-displacement amplifiers, can move a
larger-diameter mirror with high pointing resolution, at the expense of lower deflection
angles. It is important to note that all of these actuator types require some power to
maintain a fixed pointing angle, with the mirror returning to an uncontrolled position
when powered off. A qualitative comparison of these primary actuator categories is shown
in Table 1.

For the receiving channel, a large mirror aperture is desirable to improve the signal-to-
noise ratio in high-speed communications. Given the successful demonstration of body
pointing for the coarse steering of CubeSat laser communications in previous missions [6,17],
there is flexibility in relaxing the requirement for high steering speeds on the receiving
channel. This allows for a strategic trade-off, sacrificing speed for increased precision or
larger scan angle.
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Table 1. Qualitative comparison of fine steering mirrors [12].

Metric Electrostatic MEMS Voice Coil Piezo-Stack Stick-Slip Kinematic
Power Cor?sumptlon Low High High Moderate
(active)
Power ansumptlon Low High Moderate Zero
(stationary)
Deflection Angle Moderate High Low High
Mirror Size Low Moderate Moderate High
Resolution Moderate Low High High
Optical Power . . .
Handling Low High High High

The increased size of the mirror assembly allows for a broader exploration of actuator
technologies and mechanical designs. Here, a simple kinematic mount was developed,
featuring a spherical ball joint to facilitate tip and tilt movement. This movement is
controlled by two piezoelectric inertia stick slip actuators (PIA13VE, Thorlabs, Ely, UK).
The mirror itself has a broadly rectangular aperture, measuring 130 x 90 mm. A rendering
of the mirror and mount is illustrated in Figure 2, with the positions of the spherical joint
and actuator tips marked in blue and red, respectively. The placement of the actuators
with respect to the pivot point results in the actuators being coupled for steering the mirror
about the horizontal and vertical axes, as depicted in Figure 2. To pivot around a vertical
axis, both actuators must be driven in the same direction. Conversely, to pivot the mirror
around its horizontal axis, the actuators must be driven differentially. The distance of
the actuator from the pivot axis can be adjusted to optimize the pointing performance,
mirror stroke and angular steering speed. Positioning the actuators closer to the pivot axis
will increase the slew rate and angular range of the mirror, with a trade-off of reduced
pointing resolution.

Figure 2. Rendering of a steering mirror assembly, showing a top-down and side view. The assembly uses
a bespoke kinematic mount, with a spherical joint enabling motion in the desired axis, controlled by two
piezoelectric inertia actuators. The position of the spherical joint is marked in blue, with the positions of the
actuators marked in red. The actuators are positioned 82 mm horizontally from the pivot point, and 30 mm
vertically on either side of the pivot plane. The mirror has an aperture measuring 130 x 90 mm.

Inertia stick slip actuators work by using a piezo stack to turn a lead screw. These
actuators provide an extended travel range of 13 mm, coupled with a fine step size of
20 nm, making them well suited for precisely steering a mirror over a long working
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range. A significant advantage of these actuators is that they are self-locking when at rest,
eliminating the need for constant power to maintain a set pointing angle. This characteristic
is valuable in applications with tight power budgets, such as in CubeSats. The limitations
of these actuators are the relatively slow travel speeds of around 3.5 mm/min, and the
piezo hysteresis requiring external feedback for precise positioning.

3. Control Feedback

The stick slip piezo actuators used in this design exhibit significant hysteresis, with the
size of the forward and reverse steps differing by approximately 16%, as illustrated in
Figure 3a. With the actuator unloaded, the mean forward step size was measured as
24.1 nm, and the mean reverse step size as 20.3 nm. Consequently, counting the number of
commanded steps does not provide an accurate measure of actuator position, as the 16%
positioning error will accumulate with multiple changes in direction. An example of this is
shown in Figure 3b, which depicts the position of the actuator tip over a series of forwards
and backward movements, highlighting the forward drift of the 0 step position with each
successive pass.

(a) (b)
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Figure 3. (a) Real position of piezo actuator head as a function of piezo step count. (b) Forward drift
of 0 step position as the actuator is driven successively between 0 and 40,000 steps.

For accurate positioning of the actuators, a form of closed-loop control is essential. One
option would be to use a mechanically coupled feedback sensor such as a linear variable
differential transformer, with the pushrod attached to the back of the mirror. The downside
of these feedback sensors is that a malfunction or jamming could mechanically lock the
actuator in place. A more robust method employs non-contact sensors, such as optical
encoders. The sensor receives the light directed onto a coded reflective pattern to track
movement. Single-channel encoders can monitor movement speed, while quadrature
encoders can be used to also track the direction of motion.

While some commercial products come with built-in optical encoders, they are gen-
erally much bulkier and heavier, weighing 200 g compared to the 55 g PIA13VFs. This
increased size and weight makes these actuators less practical for use in CubeSats. There-
fore, an in-house solution was developed, integrating optical encoder feedback into the
COTS Thorlabs actuators. The chosen optical encoder for this setup is the AEDR-8300-1K2
quadrature encoder (Broadcom, Palo Alto, CA, USA). A critical specification for these
encoders is the reflectance of the coded pattern. Rather than requiring a simple black-
and-white barcode-style pattern, the brighter areas of the pattern must have a specular
reflectance of over 60%. To achieve this, a fine straight knurled knob was diamond-turned,
providing a highly reflective surface on the raised portions of the knurling. An image of
the encoder wheel is displayed in Figure 4a. The knob features 72 grooves, corresponding
to 288 pulses per revolution with the quadrature encoder. Along with the 1/4” x 80 fine
thread lead screw on the actuators, the encoder should provide a resolution of 1.1 pm.
Since these inertial actuators require a mass on the screw thread, the only additional weight
for this system is the encoder PCB, adding just 6 g to the actuator’s mass. Figure 4b

215



Aerospace 2024, 11, 330

displays a plot of the actuator tip position against the encoder counts for 20 successive
movements, using the encoder feedback for position control. This can be compared to
Figure 3b, where the commanded piezo steps are used for feedback. The 12 um spread
on the actuator position originates partially from the backlash of the measurement probe,
and partially from the delay in communication between the prototype encoder electronics
and the motor controller.
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Figure 4. (a) Image of diamond-turned optical encoder track, (b) actuator position plotted against
encoder step count for 15 successive movements. The inset shows a magnified view of recorded
actuator positions.

4. Optical Test

To create a realistic test environment for the closed-loop actuator, a prototype slow
steering mirror was constructed, with a rendering of the set-up shown in Figure 5. The mir-
ror is flat and was machined using single-point diamond turning. A custom kinematic
mount was designed to steer the mirror, employing a pair of these stick-slip actuators and a
spherical ball joint to facilitate movement. The actuators are positioned 82 mm horizontally
from the pivot point, and 30 mm vertically on either side of the horizontal pivot plane.
The mirror is tensioned against each actuator by two extension springs.

e o6 o o o o
Mirror Assembly

Figure 5. Rendering of the experimental optical test set-up to measure pointing repeatability and

accuracy of mirror assembly.
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Camera Pixels

For optical measurements of the mirror’s movement, a simple set-up using a 658 nm
laser diode and a DSLR camera was devised. The laser diode was positioned as close to the
bore axis of the camera sensor as possible, to prevent off-axis effects. The camera was set
up perpendicular to the nominal position of the mirror, and the laser was directed to land
on the center of the camera sensor after reflecting off of the mirror.

The camera sensor was positioned at a distance of 280 mm from the surface of the
steering mirror. The sensor has a pixel pitch of 6.41 pm, corresponding to a resolution of
11 prad of mechanical angular movement of the mirror.

The camera and both encoders were connected to two Arduino Uno R4s (Arduino,
Turin, Italy) and linked to the ThorLabs motor controller using Python (Ver 3.10.9). The mir-
ror was then commanded to repeatedly move through a range of positions, addressing four
extreme positions and a central one, with an image recorded at each point. The centroids of
the laser spot were calculated for each image using a center-of-mass method and is plotted
in Figure 6 [18]. Taking the mean of the five positions, the maximum spread of the spots on
the camera sensor was found to be 4.2 pixels, with a standard deviation of 1.1 pixels. This
corresponds to a maximum spread of 45 prad, or 3.9 um at the actuator tip. The standard
deviation of the actuator position was calculated to be 1.0 um. The horizontal angular
slew rate of the mirror was measured as to be 1.05 mrad /s, with a vertical slew rate of
1.92 mrad/s.

The repeatability along the long axis of the mirror is limited by the delay in synchro-
nizing both motors and actuators. Although the encoder steps are counted using hardware
interrupts on the two Arduinos (one for each actuator), the step counts are read by the
controlling computer via polling of the serial connection, which can result in a one-step
delay at high motor speeds. The Arduinos act as converters of the raw quadrature signal
into a count number read by the laptop, where the decision is taken to continue the counting
or to stop the motor if the number of the desired count has been achieved. This delay could
be reduced by communicating to the motor controller from the Arduinos directly.

The overall precision of the mirror mount can also be adjusted by optimizing the
positions of the actuators. Moving the actuators further from the pivot point will increase
angular resolution at the expense of decreasing the angular speed.
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Figure 6. (Left) Repeatability testing of optical encoder feedback on mirror position, with the mirror

being driven between 5 points (color coded) in a continuous loop. Arrows show the scanning
direction. (Right) Close-up view of one of the rightmost point
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5. Active Stabilisation Testing

Perturbations in the CubeSat’s pointing direction are induced by various disturbance
torques, including aerodynamic drag, solar radiation pressure, thermal radiation, Earth’s
gravity gradient, residual magnetism in the satellite structure, and variations in Earth’s
magnetic field [19]. To mitigate these disturbances during operation, the attitude deter-
mination and control system (ADCS), typically operating magneto-torquers or reaction
wheels in CubeSats, dynamically adjusts the pointing direction at regular intervals. Despite
the precision attainable with a star tracker for attitude measurement, the robustness of a
link is ultimately contingent on the satellite’s ability and accuracy in adjusting its attitude
to the intended direction for laser beam transmission.

One of the key applications of a steering mirror in a communications satellite is to
correct for this platform jitter, keeping the incoming beam continuously centered on the
receiving detector. To simulate this scenario on an optical bench, a set-up using two steering
mirrors was devised, illustrated in Figure 7. A collimated 633 nm laser beam was first
directed onto a small, piezo-stack-driven fast steering mirror (silver coated P-FSM150S,
Cedrat Technologies, Meylan, France), which then directed the beam onto the custom mirror
under test conditions. The beam was then focused onto both a high-resolution camera
sensor and a Thorlabs PSDM4 position-sensing device (PSD) using a beam-splitting cube.

Fast Steering Mirror

Camera

Sensor ~ Laser Beam

Custom Steering

Mirror
Position

Sensing
Device

Beam Splitter
Cube Focusing
Lens

Figure 7. Rendering of the experimental optical test set-up for closed-loop control of the steering mirror.

The camera sensor was used to record the exact position of the beam spot with a high
spatial resolution. Using a center-of-mass method, the centroid of the laser spot was calcu-
lated and stored in real time in order to reduce storage space needed for
longer experiments.

The PSD was read out using a high-resolution data logger, with the position measure-
ment fed into the Python control code, providing real-time feedback. The control algorithm
used was a simple proportional-integral-derivative (PID) loop, taking the distance from
the center position as the input. The proportional control ramps the actuator speed up as
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Pointing angle (mrad)

Pointing angle (mrad)

uncorrected

closed loop

the spot moves further from the center of the sensor. The integral control acts to minimize
positioning error when the spot is close to the center of the sensor, while the derivative con-
trol is optimized to reduce overshoots and control loop-induced oscillations. PID outputs
are calculated separately for the X and Y displacements measured by the PSD, and summed
to give the final actuator commands.

The piezo-stack-driven mirror was instructed to replicate a simulated jitter profile
with a 1 Hz sampling rate, exhibiting an angular variation of +3.5 mrad amplitude in
two Euler angles (yaw and pitch, corresponding to the x-axis and y-axis, respectively)
at a maximum speed of 7 mrad/s. The simulated profile is designed to model attitude
changes during the link, representing instances when the control system dynamics rectify
the pointing direction to counteract disturbances. Throughout this process, the steering
mirror is tasked with maintaining the laser beam centered onto a small-sized APD via the
closed loop within an FPA to ensure uninterrupted communication.

The pointing angles in pitch and yaw are depicted in Figure 8a—top. The profile has
been generated randomly using the available Python code (refer to Data Availability State-
ment). It comprises a random time series that underwent smoothing through cumulative
sum and a rolling average over 60 s. To eliminate low-frequency angular drift that might
exceed the FSM maximum range of £1°, the time series is further filtered with a high-pass
filter, removing frequencies lower than 1.5 X 10-3 Hz. When the jitter profile is applied
onto the FSM in the experimental setup, the mirror’s movement induces a “‘wandering’ of
the beam spot around the detector plane, represented by the blue line in Figure 8b. When
active corrections are enabled on the actuated steering mirror through the closed-loop
system reading from the PSD, the beam spot’s position becomes significantly more focused
on the camera sensor. The pointing error becomes strongly attenuated (Figure 8a—bottom)
when the active mirror is engaged, and the track remains within an angular extent of
600 prad. This signifies a more than 5-fold improvement in concentration compared to the
uncorrected case, where the point track spreads over an angular extent of approximately
3400 prad.
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Figure 8. (a) Top—uncorrected pitch and yaw variation over 3000 s. Bottom—corrected pitch and
yaw with closed loop enabled. (b) Plot of laser spot centroids measured on the camera sensor,
with simulated Cubesat platform jitter being provided by a separate fast-steering mirror. The blue
plot shows the track of the beam spot on the camera sensor with the piezo-steering mirror switched
off, and the orange plot shows the track with real-time corrections switched on.
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The outlying peaks in the actively corrected data are due to the sharp motions in the
jitter profile, which correlate with satellite platform maneuvering by the ADCS. Due to the
limited 8 Hz readout rate of the PSD, fast changes in the direction of the satellite platform
are under sampled, resulting in a time lag before the control algorithm updates. This results
in jumps of the angular displacement of the spot, seen as small tails in the orange track in
Figure 8. This effect could be minimized by using faster readout electronics for the PSD,
or including communication between the ADCS and mirror controllers to predict sharp
movements of the ADCS. Also notable is the elliptical shape of the spot track during active
corrections. This is caused by the asymmetric mounting of the actuators about the pivot
plane, meaning the mirror is able to rotate more quickly about its horizontal axis than its
vertical axis. This could be solved by placing the actuators equidistantly in vertical and
horizontal position relative to the pivot point.

6. Thermal Tests

While the PIA13VF actuators are rated for vacuum conditions, the AEDR8300 spec
sheet does not provide information on vacuum operating conditions. Additionally, neither
of the AEDR or PIA13VF is rated for operation below —20 °C. A test rig consisting of an
actuator, an encoder and datum switches was created, depicted in Figure 9.

The chamber was pumped down to a vacuum of 3 x 10~% mbar, and the actuator was
cooled to a temperature of 234 K (=39 °C). While the actuator moved between the two
end-limit switches, the encoder pulses were recorded by an oscilloscope. The pulse train
appears identical to the measurements made under room temperature and pressure. These
results indicate that the system functions correctly under these extreme conditions.

-
="

T4

—.—

Figure 9. Image of encoder/actuator test set-up inside vacuum chamber.

7. Conclusions

In summary, a novel method of adding closed-loop control to a consumer-off-the-shelf
piezo actuator is described. Using low-cost electronics, the actuator can be positioned in a
closed loop with a feedback error repeatability of 1.0 pm at 1 o and an accuracy in line with
the angular resolution of the encoder, defined by the period of the lines on the screw knob.

Two actuators were combined into a custom kinematic mount, producing a large-
aperture steering mirror with repeatable angular positioning of less than 45 prad. Due to
the self locking nature of the actuators, the mirror does not require power to maintain a
pointing direction, making it ideal for low-power applications. Using the mirror to actively
center an incoming beam following a random jitter pattern, the mirror provided over a
5-fold concentration of angular extent on the detector. The actuator assembly has also been
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successfully tested at low temperatures under vacuum, potentially enabling the assembly
to be used in space applications.
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Abstract: CubeSats are designed to optimize applications within the strict constraints of space
and power. This paper presents an On-Board Image Enhancement technique for remote sensing
payloads, focusing on achieving Auto White Balance (AWB) with limited resources and enhancing
the capabilities of small/microsatellites. The study introduces hardware-based techniques, including
histogram adjustment, De-Bayer processing, and AWB, all tailored to minimize hardware resource
consumption on CubeSats. The integrated 1U CubeSat system comprises a sensor board, an Image
Data Processor (IDP) unit, and onboard computing, with a total power consumption estimated at
2.2 W. This system facilitates image capture at a resolution of 1920 x 1200 and utilizes the proposed
algorithm for image enhancement on remote sensing payloads to improve the quality of images
captured in low-light environments, thereby demonstrating significant advancements in satellite
image processing and object-detection capabilities.

Keywords: CubeSat; satellite; FPGA; auto white balance; De-Bayer; histogram

1. Introduction

The field of small-satellite technology has witnessed rapid growth in recent years.
These satellites offer high cost-effectiveness, shorter development cycles, and extensive
commercial application potential in areas such as communication [1], Earth observation [2],
and scientific research [3]. With continuous technological advancements, small satellites
are poised to drive further innovation and applications in the space industry, opening up
new markets and application domains.

Designing remote sensing payloads for small satellites presents multiple challenges.
First, image resolution is of paramount importance. Due to the limited space on Cube-
Sats [4], achieving sufficient image resolution within this confined space is crucial to ensure
the accuracy and reliability of remote sensing data. Second, the use of high-dimensional
lenses is restricted by the size limitations of CubeSats, which may impact the performance
and functionality of the remote sensing payload. Additionally, the hardware systems on
CubeSats face strict power consumption limitations, potentially restricting the performance
of sensors and image-processing units. Thus, optimizing power consumption is essential to
ensure a system operates effectively within a limited energy supply. Finally, it is necessary
to limit the amount of incoming light to protect the sensor, which may affect the brightness
and contrast of the images, consequently impacting the quality of satellite imagery. In
summary, the design of remote sensing payloads is a complex task that requires multiple
constraints to be overcome to ensure the performance and effectiveness of the payload.

For efficient image processing and capturing on satellites, the implementation of algo-
rithms on embedded processors is required. Field-Programmable Gate Arrays (FPGAs) [5]
are highly suitable for this purpose due to their balance between parallel processing capa-
bilities and low power consumption [6].
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This study utilizes FPGA logic for onboard object detection missions. The design of
an effective imaging payload necessitates the careful consideration of power consumption,
resource allocation, and image quality. The adoption of FPGA technology facilitates the
design of a compact development board, enabling parallel data processing while ensuring
low power consumption within the limited space of CubeSats. This research introduces
FPGA firmware implementation and its technical specifications, focusing particularly on
FPGA logic design. These applications have found wide usage in CubeSat. To achieve
parallel-processing and low-power image capture architecture, the development of system
architecture for an imaging payload on a 1U CubeSat (10 cm x 10 cm) is presented. This
system efficiently coordinates the available volume and power consumption of CubeSats
and is designed based on FPGA technology. The image-enhancing De-Bayer [7] and
AWSB [8] algorithms play a critical role in enhancing the clarity of satellite imagery. The
AWRB algorithm automatically corrects color deviations, ensuring the naturalness and
accuracy of colors under different lighting conditions. Simultaneously, the De-Bayer
algorithm reconstructs full-color images from raw image data, improving color accuracy
and image detail clarity. As both algorithms utilize histograms, this study stores the
parameters computed from histograms in DDR to enhance computational efficiency and
leverages the parallel-processing capabilities of FPGA to accelerate the processing speed.
This capability enables the leveraging of image recognition technology for the identification
og objects on the Earth’s surface or in maritime areas, such as detecting vehicles on roads
or ships at sea.

2. Proposed Algorithm for Image Enhancement on Remote Sensing Payload

The spatial constraints of CubeSats preclude the accommodation of high-resolution
lenses, leading to reduced variations in captured light [9]. This limitation results in images
with a lack of lighting variations and subtle details, reducing their quality and usability.
Additionally, the necessity to protect the sensor results in less incoming light being permit-
ted, leading to darker images with diminished details. Such exposure limitations affect
the dynamic range of the images, thus further diminishing their quality. Consequently,
preprocessing images captured on satellites enhances their quality. It compensates for the
limitations of light variations and exposure time, making the images clearer and more
suitable for subsequent analysis and applications. This study proposes an algorithm for
image enhancement on remote sensing payloads, including FPGA-based De-Bayer and
Auto White Balance (AWB) processes to address the issues arising from light variations
and exposure-time limitations. AWB automatically adjusts the color saturation of images,
rendering them more true-to-life and natural, while the De-Bayer process addresses color
distortion issues in images, further enhancing their quality.

2.1. FPGA-Based De-Bayer Algorithm

This study employs an innovative approach, starting with the histogram processing
of RGB channel data. Subsequently, the calculated maximum and minimum values of the
RGB channel parameters are stored in DDR via DMA. During the normalization process,
parameter values are retrieved from DDR through DMA for normalization. Then, the
image undergoes iteration over each pixel using the De-Bayer filter. Following that, color
interpolation is performed on each pixel, converting the result back to RGB values to obtain
the output image. Figure 1 illustrates the FPGA logic design of the De-Bayer algorithm,
where RGB channel data are collected nine at a time into the De-Bayer matrix generator.
Subsequently, the data are divided into groups of three using an MUX. Further, it undergoes
multiplication with a kernel mask, followed by outputting channel data. Finally, the data
are sent to DMA via FIFO and then written into the specified DDR location.
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Figure 1. De-Bayer FPGA logic design.

The De-Bayer algorithm is a digital image-processing technique used to reconstruct
a full-color image from incomplete color samples output by an image sensor overlaid
with a Bayer filter. It assumes the reflectance of all the image channels as expressed by
Equation (2), with the RGB image and De-Bayer filter iterating through the process.

Ne(x,y) = C(x,y) — min(C(x,y))/max(C(x,y)) — min(C(x,y)) 1

where N (x, y) represents the normalized pixel value by Equation (1), C(x, y) represents the
original channel, the pixel value at the (x,y) position, and min(C(x,y)) and max(C(x,y))
represent the minimum and maximum values of the channel data, respectively.

Ne(x,y) x DBc(x,y) = Re(x,y) 2)

where DB (x,y) represents the De-Bayer filter and c is the channel, N, (x, y) is one channel of
the image R, G, and B, and R(x, y) is the channel result after applying the De-Bayer process.

2.2. FPGA-Based Auto White Balance (AWB) Algorithm

This FPGA-based AWB algorithm aims to preprocess and enhance low-light satellite
images. First, it uses histogram preprocessing to calculate the maximum, minimum, and
total values for each channel. Subsequently, these values are stored in DDR via DMA. Next,
the algorithm extracts the maximum, minimum, and total parameters through DMA for
image compensation. Finally, the output image is obtained. The FPGA logic design diagram,
as shown in Figure 2, illustrates the process where RGB channel values enter a buffer, while
addresses are calculated to read black patterns and compute black averages from ROM.
Additionally, differential gain calculations are performed from ROM, followed by a right
shift of 16 bits to obtain constrained minimum and maximum values. Subsequently, the
results are sent to DMA via FIFO and stored in the specified location of DDR.

Image Compensation

G channel —-{ Histogram } ©) i
g coperston®) | SR T

FIFO

Image Compensation
A

channel data ¢ |
ROB) Buffer >/ Buffer adder }
diff Gain

5 -
l afri» diffGain (ROM) 1> Buffer blk_avg ——»{ DSP(AXB+C) constrain min_}-»{ constrain maxH FIFO —> DMA —» DDR
®

column : data_cnt

row:line_ont 3 black (ROM) Buffer  -Dkvalie e oyg

Figure 2. AWB FPGA logic design.

This assumption is articulated by Equation (4), detailing the FPGA-based AWB function.

He(o) = Y00, Y0 Le(xy) )
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I.(x,y) = He(v) x W, 4)

For each color channel (red, green, blue) of the RGB image, its histogram is calculated
separately by Equation (3). A histogram is a statistical chart that displays the frequency of
each brightness value, where H(v) is the histogram of color channel ¢ € {R, G, B} with the
value v = N x M, where N is the image height and M is the image width. I.(x,y) is mean
the channel ¢ place (x,y). W, is calculated based on the assumption of the white point for
channel c. The W, parameters of white point assumption are adjusted based on the results
obtained from the white reference objects in the experiment. Each color channel is adjusted
using the calculated gains to achieve color balance. I.(x, y) represents the brightness value
of channel ¢ at position (x, y) after adjustment.

3. Hardware Logical On-Board Image Enhancement Design

The collection of satellite imagery faces challenges such as terrain and shadow effects,
particularly in mountainous areas. Atmospheric factors like clouds and fog also impact
image clarity. The proposed methodology involves histogram adjustments for contrast
and brightness, De-Bayer processing for enhancing image quality, and Auto White Balance
(AWB) to address lighting variations and atmospheric effects, ensuring accurate color
representation. AWB adjusts white balance based on light source colors, providing realistic
surface feature depiction despite changing conditions.

In the design of remote sensing payloads, the computation resource and power con-
sumption play an important role. This paper proposes the FPGA-based algorithm and the
hardware design of image enhancement with fewer computing resources and lower power
consumption, which means the image enhancement can be processed in real time. The
improved De-Bayer algorithm and AWB FPGA logic design is described in Figure 3. In
this design, preprocessing of the histogram is performed first upon image input. These
processed histograms are stored in memory through the APB Bus [10] and APB arbiter con-
troller, along with DMA. Subsequently, the max, min, and sum parameters of the histogram
are extracted via DMA and provided to the De-Bayer and AWB modules. Upon receiving
the parameters, the De-Bayer module performs normalization processing, followed by
De-Bayer processing, and finally saves the result to DDR via DMA. Following this, AWB
adjusts white balance and color balance upon receiving parameters, eventually saving the
result to DDR via DMA.
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Figure 3. The main flowchart of proposed FPGA-based image enhancement on remote sensing payload.

To implement an imaging payload system on a 1U CubeSat, this study designs the
image capture and image enhancement functionalities for 1U CubeSats, as illustrated in
Figure 4. Figure 5 showcases the lens (Schneider Xenoplan 1.9/35 (manufacturer Schneider
Kreuznach, city of Bad Kreuznach, Germany)), CMOS Sensor (Python 2000 Global Shutter
(manufacturer onsemi, city of Phoenix, AZ, USA)), and the Image Data Processor (IDP)
utilized. The primary task of the IDP involves receiving and preprocessing image data. The
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main FPGA processing unit on the Image Acquisition Board is the Microsemi SmartFusion2
M25060 FPGA System (Aliso Viejo, CA, USA) on Chip (SoC). The FPGA facilitates basic
processing of the image data.

Board to Board
Sensor board Image Data w‘/

Processing
On-Semi
Python 2000 @ MicroSemi on Board
Global Smartfusion2 P

onnect

shutter M2S060
CMOS FPGA éﬁ

Figure 4. On-board image enhancement on remote sensing payload architecture.

(@) (b)
Figure 5. (a) Module of the imaging payload on 1U CubeSat; (b) inside of the imaging payload on
1U CubeSat module.

As depicted in Figure 4, the sensor board captures the image through the lens and
transmits the image’s raw data through a twisted pair cable connected to the IDP [11]. The
IDP board is responsible for image-processing functions, including histogram adjustment,
De-Bayer, and AWB. The processed image result is sent to the onboard computer via a
board-to-board connection.

The FPGA Logic Design of the On-Board Image Enhancement on Remote Sensing Payload

The actual 1U CubeSat architecture is illustrated in Figure 5, which depicts the design
of the imaging payload system on the 1U CubeSat. The module structure of the imaging
payload system is shown in part (a), and the interior of the imaging payload system is
presented in part (b). This system includes the On-Semiconductor PYTHON 2000 sensor
board and the Image Data Processor (IDP). Detailed specifications of the modules are
provided in Table 1. Table 1 lists the sensor types as color, monochrome, and NIR-enhanced
monochrome; the optical format as 2/3 inch; active pixels as 1920 x 1200; pixel size as
4.8 x 4.8 um; and the fully functional power consumption of the sensor board [11] as
1W. Additionally, it details the SoC as Microsemi SmartFusion2 M25S060 [12], the MCU
as Microsemi SmartFusion2 ARM Cortex-M3, the operating system as FreeRTOS, the on-
board memory as 256 MB ECC LPDDR, and the on-board flash as 2 GB NAND and 16 MB
NOR, with the fully functional power consumption of the IDP as 1.2 W. The total power
consumption of the modules in this study, including the sensor board and IDP, is 2.2 W.
This indicates that the design is well suited for FPGA utilization in CubeSats, highlighting
an efficient power consumption profile for the IDP.

Tables 2 and 3, respectively, compare the FPGA logic design and resource utilization
of the proposed de-Bayer and AWB methods with other methods.
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Table 1. 1U CubeSat hardware specifications.

Sensor Board On-Semi PYTHON 2000
Sensor types Color, monochrome, and NIR-enhanced monochrome
Optical format 2/3 inch
Active pixels 1920 x 1200
Pixel size 4.8 X 4.8 um
Power consumption 1W

Image Data Processing (IDP)

SoC Microsemi Smartfusion2 M25060
MCU Microsemi Smartfusion2 ARM Cortex-M3 MCU
(O] FreeRTOS
On-board memory 256 MB ECC LPDDR
On-board flash 2 GBNAND + 16 MB NOR
Power consumption 12W

Table 2. Resource usage of the De-Bayer FPGA logic design comparison.

Type Proposed Smart Stereo Camera [13] Heterogeneous Systems-on-Chip [14]
Feature map 3x3 2560 x 720 2048 x 2048
CLB LUTs 173 32,665 5184
CLB Registers 194 None None
LUT as memory 10 6910 48
FPGA Microsemi Smartfusion2 M2S060 zynq xc7z030 soc Xilinx Virtex-7

Table 3. Resource usage of the AWB FPGA logic design comparison.

Type Proposed Camera Systems [15] Multi-Camera GigE Vision IP Core [16]
Feature map 3x3 1920 x 1080 2048 x 2048
CLB LUTs 972 5802 813
CLB Registers 2703 None 610
LUT as memory 4 None 8
FPGA Microsemi Smartfusion2 M2S060 Zynq-7020 SoC virtex-4 £x100-11

4. Experiment Results

Using satellite images captured in low-light environments, this study simulated the
Auto White Balance (AWB) function. The input images and histogram, as shown in
Figure 6, underwent AWB processing. The output images and histogram, depicted in
Figure 7, demonstrate that the experimental approach effectively addresses the issue
of CubeSats’ inability to accommodate high-resolution lenses in space. These satellites
encounter situations where lighting conditions undergo substantial changes, necessitating
the restriction of incident light to safeguard the sensors and thereby generating low-
dynamic-range (LDR) images. Such issues could potentially affect the brightness and
contrast of the images. However, the results of this experiment successfully mitigate these
concerns, resulting in clearer image rendering. The histogram images in Figures 6¢,d and
7¢,d, consist of lines rep-resenting the red, green, and blue channels, respectively.
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Figure 6. LDR images: airport and city satellite image test cases (1). (a) Airport test case (1) and
histogram (c); (b) city test case (1) and histogram (d).
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Figure 7. Simulation of proposed algorithm image enhancement on remote sensing payload of airport
and city satellite image result. (a) Airport test case (1) and histogram (c); (b) city test case (1) and
histogram (d).

Additionally, this paper utilizes the proposed module of the imaging payload on 1U
CubeSat (Figure 5) to obtain satellite images through the sensor payload. Figure 8 displays
the raw low-dynamic-range (LDR) image captured by the imaging payload. The proposed
on-board image enhancement for remote sensing payload is simulated and presented in
Figure 9. It is observed that the brightness of the original images significantly improves
after processing by the Image Data Processor (IDP). The red rectangle highlights how the
Auto White Balance (AWB) result enhances the clarity of the buildings.
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(b)
Figure 8. LDR images: airport and city satellite image test cases (2). (a) Airport test case (2); (b) city
test case (2).

(b)
Figure 9. Experiment results of proposed algorithm image enhancement on remote sensing by
module of the imaging payload on 1U CubeSat. (a) Airport test case (2); (b) city test case (2).

Furthermore, the IDP captures satellite images over the sea to detect ships. These
images serve the purpose of ship detection. The results of ship object detection performed
pre-training with the YOLO v7 model [17] and conducting training using the AI-TOD
DataSets [18] are shown in Figure 10. In the test images, two boats are present, and with
YOLO v7 object detection, it is evident that the ships captured by the method proposed
in this study, as shown in Figure 10b, are more accurately detected than those in the
unprocessed image, as shown in Figure 10a, due to the presence of two ships in the
test image.

(a) (b)
Figure 10. Harbor satellite image and proposed algorithm for ship detection. (a) Harbor satellite
image; (b) proposed algorithm.
5. Conclusions

This study develops an on-board image enhancement technique for remote sensing
payloads aimed at enhancing image quality and facilitating object detection. Auto White
Balance (AWB) is utilized for image enhancement, resulting in clearer satellite imagery. The
FPGA-based design enables the use of smaller development boards and reduces power
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consumption, making it highly suitable for CubeSat applications. Through experiments
with satellite images captured in low-light environments, this study addresses concerns
related to image quality, leading to improved image rendering. Furthermore, the developed
Image Data Processor (IDP) captures satellite images over the sea for ship detection. The
results from YOLO v7 object detection demonstrate enhanced accuracy in identifying boats
compared to traditional methods, underscoring the effectiveness of the proposed approach
in satellite-based object detection.
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Abstract: In 1979, NASA established the Great Observatory program, which included four telescopes
(Hubble, Compton, Chandra, and Spitzer) to explore the Universe. The Spitzer Space Telescope was
launched in 2003 into solar orbit, gradually drifting away from the Earth. Spitzer was operated very
successfully until 2020 when NASA terminated observations and placed the telescope in safe mode.
In 2028, the U.S. Space Force has the opportunity to demonstrate satellite servicing by telerobotically
reactivating Spitzer for astronomical observations, and in a separate experiment, carry out novel Space
Weather research and operations capabilities by observing solar Coronal Mass Ejections. This will be
accomplished by launching a small satellite, the Spitzer-Resurrector Mission (SRM), to rendezvous
with Spitzer in 2030, positioning itself around it, and serving as a relay for recommissioning and
science operations. A sample of science goals for Spitzer is briefly described, but the focus of this
paper is on the unique opportunity offered by SRM to demonstrate novel Space Weather research
and operations capabilities.

Keywords: space weather; Spitzer; astrophysics

1. Introduction

Space Weather (SWx) is a serious concern for all areas of our society, yet forecasting
remains an extremely challenging problem. The size and complexity of the system (inner
heliosphere) compared to the size of Earth—the “target’ of the forecast—is enormous
(about >108:1 in area). Observing the system with only a handful of research missions
results in sparse coverage and inconsistent data over time. Solving the sparse coverage
problem is a complex and expensive task that requires a systems approach [1] and efficient
collaboration among the government, military, and commercial sectors, as has been noted
in several recent reports (e.g., SWx R202R Framework [2], NAS Workshop on the Future
SWx Research & Operations Infrastructure [3]).

An obvious strategy to build up the SWx space infrastructure is to leverage the
increasing number of launches via rideshares (e.g., NOAA’s SWFO-L1 on the NASA IMAP
mission). While this strategy is gaining popularity, with several rideshare missions (mostly
CubeSats) on the books, it is not the only option. NASA'’s planetary missions have long
hosted Heliophysics-funded payloads that leverage the cruise phase or orbit to make
measurements with Heliophysics science priorities.

This inter-divisional collaboration has been successful in sampling heliospheric regions
that would be programmatically difficult to reach otherwise. An example is the Interstellar
Mapping and Acceleration Probe (IMAP) mission, which leverages collaboration among
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divisions to resolve scientific questions about the heliosphere. So, why not replicate this
strategy across more government agencies including the Department of Defense (DoD) as
well as the commercial sector? Dual-use instrumentation is already considered for GEO
and LEO DoD missions. Can we expand this to Deep Space where our observational
coverage needs are severe? Those programs, however, are expensive and thus have long
development schedules preceded by cumbersome and complex acquisition procedures.
Could we come up with a more agile response that lowers costs and, importantly, speeds
up the observational coverage in Deep Space?

In the following, we describe a potential pathfinder opportunity to answer these
questions in the affirmative. The Spitzer-Resurrector Mission (SRM) concept leverages an
unusual funding opportunity, an interdisciplinary team from academia and industry, a
novel mission design, and recent research and technical advances in Heliophysics to reach
a cost-effective, yet innovative, solution to both research and operations gaps in SWx.

2. Mission Objectives

The Spitzer-Resurrector Mission (SRM, hereafter) is a space mission concept which
recently underwent a Phase I study funded by the U.S. Space Force (USSF) under the
Orbital Prime [4] call. SRM is ‘two missions in one’, with goals of demonstrating spacecraft
recovery and control in deep space, as well as demonstrating novel SWx research and
operations capabilities. The spacecraft recovery is accomplished by launching a small
satellite to rendezvous with the Spitzer Space Telescope [5] (currently in hibernation) in
2030, positioning itself around it, and serving as a relay for recommissioning and science
operations is discussed in Section 3.

The on-orbit servicing objectives of SRM have long-term benefits (lower risk, higher
science return) for space missions in the future. A sample of science goals for Spitzer is
described in Section 2.1. However, the focus of this paper is on the unique opportunity
offered by SRM to demonstrate novel SWx research and operations capabilities, highlighted
in Section 3.2.2.

2.1. SRM-Science Objectives

During the Phase I study we are considering several payload options (Section 3.2) to
demonstrate the versatility of the mission and spacecraft design to SWx objectives. Each
instrument brings a unique measurement capability that can fill important gaps in our
scientific knowledge while offering novel Research-to-Operations pathways with benefits
to USSE, NOAA, NASA, and various other U.S. federal agencies. Figure 1 depicts the
expected imaging capabilities of SRM for tracking CMEs. The final payload mix will
depend on sponsor and schedule priorities. Our list of technical and research objectives,
along with the measurement approach for each, is as follows:

e  Demonstrate remote sensing and reconstruction of CME magnetic fields (Faraday
rotation);

e  Understand the evolution of CME plasma and magnetic field in the inner heliosphere
(Imager, Faraday rotation);

e Improve solar energetic particles (SEP) time-of-arrival, peak, and fluence predictions
for cislunar space (SEP suite);
Improve CME time-of-arrival predictions (Imager, Faraday rotation);
Test real-time monitoring of solar wind impacting Earth (Imager, Faraday rotation);
Improve forecasting of CME and SEP events (Imager, SEP suite).

The main goal of SRM is to demonstrate satellite servicing by establishing radio contact
with Spitzer, verifying its health, relaying command sequences to restart its operations,
and then remaining nearby to act as a communications relay so that Spitzer can resume
operations. With SRM, Spitzer will be much more efficient than it was at the end of its
mission because it will no longer have to pause observations for hours-long downlinks
to transfer data. The potential Spitzer/Infrared Array Camera (IRAC) observations are
complementary to JWST’s capabilities because IRAC’s wide field of view and Spitzer’s
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rapid pointing enables it to map large areas of the sky much more quickly than JWST. In
addition, it can monitor many individual objects, such as active galactic nuclei or young
stellar objects, for variability. Long continuous observations are also possible, such as the
continuous 21-day Spitzer observations of the Trappist-1 exoplanet system. Finally, Spitzer’s
unique location in the solar system, in conjunction with earth-based telescopes or JWST,
EUCLID, or Roman Space Telescope observations, enables microlensing parallax observations
that can determine the mass and distance of free-floating planets and exo-moons.

STEREO/HI-1

\
\L" Pl
BT Y
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' \\\ -
STEREO/HI-2 ~ _

Figure 1. This snapshot of an Earth-directed CME on 16 February 2010 was captured by the imagers
on STEREO-A from the Lagrangian L4 region. The SRM Imager (FoV is marked) can acquire images
~10x higher contrast and 4 x higher spatial resolution than HI-2 thanks to its vantage point and larger
aperture while leveraging the designs matured in Parker Solar Probe and Solar Orbiter missions.

Spitzer’s location also makes possible observations of potentially hazardous asteroids
that are currently not observable from near-Earth instruments. The science program
proposed for the resurrected Spitzer will be described more fully in a future paper [6],
in preparation.

3. Mission Design
3.1. Orbit, Trajectory Past Earth-Sun L4, and Station-Keeping near Earth-Sun L3

After a launch as a ride-along on an Evolved Expendable Launch Vehicle (EELV)
Secondary Payload Adapter (ESPA) ring to lunar transfer orbit, the spacecraft uses electric
propulsion to achieve the necessary Av. The SRM trajectory, shown in Figure 2, comprises
one year of thrusting to descend to 0.875 AU, coasting for roughly a year and a half, and
then another year of thrusting to raise its orbit to 1.023 AU x 1.003 AU. The total transit
time from the Lunar Transfer Orbit (LTO) to the final destination is approximately three
and a half years.

This course takes Resurrector in front of the west side of the Sun, which is relevant
for space exploration due to the magnetic connection of eruptions on this hemisphere to
the Earth-Moon system. Station keeping near the Earth-Sun L3 point allows continuous
beaconing to characterize solar flow and perform real-time CME detection using an Earth-
based ground aperture. In addition, simultaneous helioimaging is performed to augment
the radio beacon data.

The far-side location near L3 also allows Resurrector to rendezvous with and restore
operations to the Spitzer Space Telescope, placed in safe mode in 2020. The spacecraft
allows a two-for-one mission in space weather and spacecraft servicing/recovery.

The trajectory necessitates long-duration continuous burns of one or more ion thrusters.
A multi-thruster version would allow differential thrusting to simplify the propulsion
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system by eliminating the need for a gimbal and tankage while simultaneously using a
compact, scalable thrust array. Substantial Av is possible using such an array, up to 6 km/s
depending on the overall mass of the spacecraft.

Earth-relative orbits
1.5

N
Earth

Earth
Resurrector orbit Earth orbit
i ——— Spitzer 1
trajecto
J rY | Spitzer 2
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=15 ; 0 Sun os 1 15 ~—+Buml
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Figure 2. The trajectory of the Resurrector past the western hemisphere of the Sun before arrival near
Earth-Sun L3.

3.2. Strawman Payloads
3.2.1. Heliospheric Transient Imager (HTI) Image

HTI is a modified version of the WISPR instrument [7] aboard the Parker Solar Probe
mission, currently in operation. WISPR looks at the large-scale structure of the corona and
solar wind, like CMEs. HTI retains the WISPR camera electronics box, baffle system, and
Inner Telescope, repackaged into a smaller volume for imaging within 5° from the Sun
(Figure 3) The current volume of 25 cm x 40 cm x 15 cm (H x L x D) will be reduced
through further optimization. Based on the current on-orbit performance of WISPR, we
conservatively estimate that HTI will be ~2x more sensitive than STEREO/HI-1 and >10x
more sensitive than STEREO/HI-2.

FOV: [5°, 45°]

Camera
Interface Electronics
15cmx 15cm x4 cm

25cm

Spacecraft Deck

40 cm

Figure 3. Side view of the WISPR instrument showing the exterior (F1-F3) and interior baffles
(AE1, AE2). The HTI is a modified version of the WISPR instrument on PSP capable of observing
within 5° from the Sun’s center. HTI will perform >10x better than STEREO/HI-2 for the same
solar elongations.
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Normalized Faraday Rotation

3.2.2. Faraday Rotation Experiment (FRE)

When linearly polarized radiation transverses magnetized plasmas, it undergoes
rotation in its polarization plane. This effect, dubbed Faraday Rotation (FR) has been used
for decades to remotely probe coronal and heliospheric structures (e.g., Levy et al. 1969 [8];
Kooi et al. 2017 [9]; and Figures 4 and 5). FR is a particularly promising remote sensing
technique to derive not only the strength but also the 3D configuration of the magnetic field
in CMEs while they are still in the corona. This is a valuable capability for SWx operations,
as the CME magnetic field is the dominant quantity in assessing a CME'’s geo-effective
potential. The rising interest in SWx impacts across the U.S. civilian and military sectors
has renewed interest in FR studies and space applications [10,11].

Figure 4. The Faraday Rotation Experiment (FRE) will probe the internal magnetic structure of Earth-
directed transients while the Helio Imager provides the large-scale context and density information.
FRE transmits an S-band linearly polarized signal that can be received by modestly sized (~15 m)
ground stations around the world and used for SWx research and operations.
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Figure 5. The FRE technique has been proven with both spacecraft transmission (left: Pioneer 4, from
Jensen & Russell 2008 [12] ©AGU) and astronomical sources (right: 0842, from Kooi et al. 2017 [9]
© AAS).

SRM offers an excellent opportunity to demonstrate the SWx value of the FR technique
by deploying a radio experiment specifically designed for FR studies. We baseline a linearly
polarized beacon at the X-Band (8.1 GHz) that transmits a prescribed signal pattern (i.e.,

237

21



Aerospace 2024, 11, 560

square wave) through the 75 cm high-gain dual-feed antenna (HGA). The dual-feed system
can accommodate both the FRE and downlink from the rest of the payload. The signal
pattern facilitates calibration, while the relatively large HGA lowers the power requirement
for the transmitter. The system requires a straightforward linear polarimeter at the ground
station and may not require the use of the DSN. In any case, Ohlson et al. [13] have already
demonstrated space-to-ground FR measurements across 1.8 AU with Pioneer 4 using 1970’s
technology and thus the technical challenges are minimal. During the 3.5-year cruise phase,
the HGA is mostly pointed to Earth, except for burns and occasional interruptions for
other tests. The FRE beams continuously during this time and allows us to test various
techniques for deriving the heliospheric density and magnetic field with the assistance of
the HTT observations that provide both context and a line-of-sight density estimate. We
will also test and develop methods for ingesting the FRE information into research and
operational models of the heliosphere and for developing forecasting workflows with this
novel information.

3.2.3. Solar Energetic Particles Suite (SEPS)

The SRM trajectory is ideal for measuring SEPs directed to cislunar space. The data are
critical for improving SEP forecasting schemes [14]. The required coverage is given in the
NASA Gap Analysis Report (0.1-1 MeV electrons, 0.02-700 MeV protons, and heavy ion
composition). Such an SEP package can be formed by spares of recently built instruments
on Solar Orbiter and Parker Solar Probe but can also use adaptations of instruments from
other missions. An example package that meets these requirements is shown in Figure 6.
See [15] for details.
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Figure 6. Candidate instrumentation for the SEP suite on SRM. Left: energy and ion species coverage
of the EPD sensors. Right: Pictures of the flight units of STEP (upper left ©A&A), EPT-HET (upper
right ©A&A), and SIS (bottom ©A&A) [15].

3.3. Concept of Operations

Resurrector operations are highly autonomous, utilizing onboard optical navigation to
fully eliminate radiometric interference and allow the use of non-DSN ground stations like
APL’s Satellite Communications Facility for data downlink and FRE beacon reception. The
spacecraft determines its orbit and trajectory from images taken by its navigation camera of
Earth, the Moon, and a variety of asteroids while making its way to the vicinity of L3. This
data is fed through a Kalman filter inside the commercialized AutoNav Mark 4 software
onboard, solving for the orbit and maneuver modifications to keep its burn on track with
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its desired trajectory. Uplink is needed only occasionally, on the order of once per month,
to load new background sequences for science gathering and housekeeping.

Upon reaching the vicinity of L3, the spacecraft autonomously completes a pop-up
maneuver to place it in the desired location to use its helioimager at a nominal cadence
of 30 min and continue transmitting the RF beacon to Earth. The autonomous sequences
run the instruments according to a standard plan with observation modes and transmit
data to Earth, eliminating the need for most uplink activities. Spacecraft station-keeping
is performed using AutoNav Mark 4 software, which also performs onboard navigation
relative to the nearby Spitzer Space Telescope.

The Resurrector’s second mission of reactivating Spitzer by providing a crosslink and
an Earth relay as the telescope comes out of solar conjunction occurs simultaneously with
the space weather science operations.

3.4. Technology Development

The Resurrector requires no major technology development for its space weather
mission. HTI is a repackaging of the WISPR instrument. The RFE is modeled after the
Pioneer 4 beacon but updated with current space-qualified RF components. The SEPS uses
TRL-9 design and spares from recently flown instruments. The spacecraft itself uses all
TRL-9 off-the-shelf components, from its avionics and power subsystems to its attitude
control and propulsion subsystems. Two key advanced software technologies and a key
propulsion technology are described below.

3.4.1. Virtual Machine Language Sequencing 3.0 [TRL-9] and AutoNav Mark 4 [TRL-6]

VML 3 [2,16-19] is a commercialized version of the advanced spacecraft sequencing
software with heritage back to fifteen missions, including the Spitzer Space Telescope,
Mars Reconnaissance Orbiter, Dawn, Mars Phoenix, and OSIRIS-REx. The latest version
enables highly advanced autonomous expert systems to operate the spacecraft, including
navigation and maneuvering activities produced by AutoNav Mark 4. AN4 is a commer-
cialized version (NASA SBIR 80NSSC18C0043) of the autonomous navigation software
AutoNav [20,21] with heritage back to Deep Space 1, Stardust, and Deep Impact.

3.4.2. High Delta-V Maneuvering

Resurrector features a baselined Av capability of approximately 6 km/s with a 30%
margin on board. This is achieved using eight Enpulsion Micro R3 indium-ion propulsion
modules, arranged to allow for differential thrust vectoring. Extra Av allows mission
trajectory options and backup for failed thruster modules. Xenon-ion propulsion has also
been analyzed as a possible baseline using commercially available thrusters.

3.5. Programmatics
3.5.1. Operational Readiness of Spitzer

At the end of the mission (EOM), Spitzer was fully capable of continuing the Warm
Mission [5], with substantial power and propellant margins and a healthy IRAC instrument.
The spacecraft is anticipated to be fully operational upon the arrival of the Resurrector
in health, power margin, available propellant, thermal stability, and IRAC functionality.
Of the two thruster strings, String 2 was nominal. Inertial Reference Unit 1 was slightly
degraded but functional, Unit 2 was nominal. The 3.6 pm and 4.5 pm channels of the IRAC
instrument used during the Warm Mission were nominal. The transponder was set to
carrier-only mode. The spacecraft was left on Side B of the avionics after a solar event, with
Side A in reserve. All four Reaction Wheel Assemblies (RWAs) were fully operational.

At EOM, Spitzer was placed into indefinite safe mode in a two-hour rotation about
the sunline, pointing its sunshield and solar cells directly normal to the Sun. In this
configuration, the only nominal influences on the spacecraft that would affect the need
to desaturate the RWAs are solar radiation pressure and precession of the sunline during
an orbit, both minor in magnitude. At EOM, nitrogen propellant reserves were 6.674 kg
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remaining of an original 15.59 kg load (42%). Power generation at EOM was 12.2 A at 26.3 V
for 345 W, with a total of 2015 battery cycles out of a minimum 25,000-lifetime capacity
(90% remaining). Expected degradation in power generation by the time the Resurrector
arrives places the generated current at 11.9 A (336 W). The Warm Mission is estimated to
need 11 A (311 W) for nominal thermal zone profiles, yielding a margin of approximately
8% before taking any power-saving steps for an additional 10% margin.

Power generation is one limiting factor for the lifespan of the resurrected Spitzer.
Current models show an expected reduction of 0.0377 A/year, giving Spitzer an addi-
tional 24 years of operations before power-saving measures such as turning off heaters
in the spacecraft bus would be required. Unexpected incidents like CME damage and
micrometeoroid impacts would decrease this timespan.

Another limiting factor is the propellant necessary to desaturate the PCS during
nominal operations. In later years, sophisticated planning for pointing the spacecraft in
ways that remove momentum inputs from prior turns was adopted to considerably reduce
the rate of propellant usage. Assuming a similar conservative approach, the telescope can
be expected to operate for an additional ten years or more.

3.5.2. Schedule

SRM is timed for a 2027 launch to rendezvous with the Spitzer Space Telescope in 2030
as the telescope comes out of solar conjunction. The extensive use of off-the-shelf TRL-9
technology and the use of instruments with few changes from previously flown versions
help support this schedule (Figure 7). The orbital geometry and nature of the trajectory also
easily support later launch dates and arrival times, reducing mission risk due to potential
build and launch delays.

Q2 2026
Q12028
L+20 days
L+313 days
L+762 days
Q4 2030
Q4 2032

Q42034

Start of spacecraft integration

Launch on rideshare to lunar transfer orbit, spacecraft commissioning, EP-1 burn start

Start of space weather mission

Descent to 0.875 AU complete, EP-1 end, continuing space weather observations

Start EP-2 burn
Arrive at orbit 1.023 x 1.003 AU, end EP-2, resurrect Spitzer, continue space weather observations
Complete two years of space weather mission, Spitzer characterization of asteroids, other deep
space observations

Complete additional two years of space weather/asteroid characterization/observations

Figure 7. Spitzer-Resurrector mission timeline.

3.5.3. Rideshare

SRM'’s inherent mission timing flexibility, the ESPA-sized spacecraft, and the compati-
bility of the trajectory with an LTO throw all combine to make SRM an ideal candidate for
rideshare opportunities. Rideshares available on NASA, DoD, and commercial launches
would dramatically expand opportunities for launch. The potential of in-kind support
from interested agencies using this launch mechanism should also be explored.

3.5.4. Cost

Resurrector is designed to be a compact, low-cost, high-capability spacecraft. The
entire mission, including launch costs, is targeted at USD 275 M-USD 375 M with 30%
reserves. A rideshare arrangement covered by outside sources would reduce this amount
to roughly USD 130 M-USD 180 M.
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3.5.5. Public/Private Partnership

The currently funded Phase-I of the Spitzer-Resurrector concept has enabled rapid
collaboration between space industry stakeholders. The mission as designed achieves
advances in space weather experimentation and warning, on-orbit servicing in deep space,
planetary defense, and astronomy. This success in leveraging the unique opportunities
provided by the mission location can be attributed to mission leadership by a private
company, responding to defined requirements and desires of public organizations such as
the USSE, NASA, NOAA, and SAO (the Smithsonian Astrophysical Observatory, a partner
in the Center for Astrophysics | Harvard and Smithsonian). Rather than any individual
public organization proposing and developing a mission in isolation, the private-led effort
can move quickly in coordinating stakeholders and find compromises to de-risk future
standalone missions. The SRM team already has begun planning for making at least some
of the data public and enabling some level of participation by outside experts. Public
education and outreach and DEI are important components of the mission.

4. Conclusions

We presented the SRM concept to raise awareness in the community of a non-traditional
opportunity to fill in observational gaps in Heliophysics. A tech demo opportunity from
the USSF has brought together industry engineers, astrophysicists, and heliophysicists who
devised an ‘out-of-the-box” response to the call. The resulting concept goes far beyond
the USSF’s interest in exploring novel on-orbit servicing ideas. It aims for deep-space
spacecraft recovery and operations, demonstrates propulsion and on-board autonomy,
provides novel SWx measurements for improved forecasting around the Artemis missions,
and resurrects an astrophysics mission that could provide critical synergies to JWST and
perform planetary protection observations. Yet, for all these exciting aspects, there are
equally challenging concerns. For example,

e This is a ‘short fuse” opportunity. To provide SWx observations for Artemis III, SRM
needs to launch by 2027. This timeline is too short to maneuver through the usual
NASA proposal cycle. Our proposed cross-agency government/public/private col-
laboration has the additional advantage of facilitating rapid procurement of scientific
instrumentation, as well as providing quick access to technical, scientific, and public
resources;

e  SRM-SWx should be of interest to NOAA or others since its operational structure
naturally enables innovative participation via ‘data buy,” guest observer, and/or
other options.

We close with the following suggestions for consideration in the upcoming Decadal
Survey discussions, based on our experience with this project:

1. Facilitate information exchange among the various Program Officers of government
organizations involved in space projects. For example, being aware of potentially
useful calls (or selections) to Heliophysics in other agencies should help with planning
across the Division;

2. Consider a ‘rapid response” space hardware development program. It could be an agile
version of the Mission-of-Opportunity program able to respond to launch/rideshare/
host opportunities from other agencies with a short proposal/evaluation cycle
(1-2 months, instead of years). DoD experience may be particularly useful for this
type of program;

3. Consider co-funding missions/hardware calls with DoD and NOAA so that successful
Heliophysics concepts can be developed more efficiently and rapidly;

4.  Finalize a “data-buy’ policy and implementation document to engage the space indus-
try in closing the SWx infrastructure gaps in the next decade and beyond.
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Abstract: Gamma-ray bursts (GRBs) are intense and short-lived cosmic explosions. Miniaturised
CubeSat-compatible instruments for the study of GRBs are being developed to help bridge the gap
in large missions and assist in achieving full sky coverage. CubeSats are small, compact satellites
conforming to a design standard and have transformed the space industry. They are relatively
low-cost and are developed on fast timescales, which has provided unparalleled access to space.
This paper focuses on GMOD, the gamma-ray module, onboard the 2U CubeSat EIRSAT-1, launched
on December 1st 2023. GMOD is a scintillation-based instrument with a cerium bromide crystal
coupled to an array of sixteen silicon photomultipliers, designed for the detection of GRBs. The
characterisation of GMOD in the spacecraft, along with the validation of an updated spacecraft
MEGALlib model is presented and this approach can be followed by other CubeSats with similar
science goals. The energy resolution of the flight model is 7.07% at 662 keV and the effective area
peaks in the tens to hundreds of keV, making it a suitable instrument for the detection of GRBs.
An investigation into the instrument’s angular response is also detailed. The results from this
characterisation campaign are a benchmark for the instrument’s performance pre-launch and will be
used to compare with the detector’s performance in orbit.

Keywords: CubeSat; gamma-ray instrumentation; gamma-ray bursts; characterisation; EIRSAT-1

1. Introduction

Gamma-ray bursts (GRBs) are violent, bright and brief explosions in the universe
resulting from the death of a massive star or the collision of two compact objects, such
as neutron star-neutron star or neutron star—black hole mergers [1,2]. The breakthrough
coincident detection of electromagnetic signals (from radio to gamma rays) and gravita-
tional waves in 2017 facilitated a new way to probe these complex events [3,4]. A major
challenge to the future of gamma-ray astronomy and the progression of GRB science is
the lack of new missions. The legacy and current gamma-ray missions have excelled in
advancing the understanding of these objects but the majority are operating beyond their
nominal lifetimes [5-8]. Additionally, current gamma-ray observatories cannot provide
full-sky coverage in a single observation for these brief isotropic explosions, which is
critical for future coincident detections. Obtaining a population of GRB/gravitational
wave joint detections will be important in determining the characteristics of the different
types of GRBs, confirming other theorised progenitors and the extracted properties can
be used to search archival data (e.g., [9]) for similar candidates. Furthermore, increasing
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the number of joint detections could constrain the neutron star equation of state, advance
the understanding of the origin of the heaviest elements in the universe and provide new
insights into fundamental physics such as investigating the difference between the speed
of gravity and the speed of light [3,10].

CubeSats are small-scale satellites, usually conforming to a design standardisation,
defined by Cal Poly specifications [11]. CubeSats have grown in popularity in recent
years due to their science and technology demonstration capabilities [12-15]. CubeSats
were originally developed as an educational tool [16,17], resulting in the production of
commercial-off-the-shelf (COTS) components. COTS components can be used for the
fundamental subsystems of the satellite, e.g., power, communications and onboard com-
puter (OBC), allowing for more resources to be applied to the science objectives of the
mission [18]. CubeSats are relatively low-cost and have short launch timescales [19],
making them ideal candidates to bridge the gap in gamma-ray missions during the multi-
messenger era [20]. In addition to the current large-scale gamma-ray missions, a fleet of
GRB-detecting CubeSats could allow for the adequate detection and localization of GRBs,
and increased sky coverage. SmallSats with GRB detection and localisation capabilities are
in development, e.g., BurstCube [21,22], MoonBEAM [23], HERMES [24], GRBAlpha [25]
and CAMELOT [26].

The Educational Irish Research Satellite (EIRSAT-1) is a 2U CubeSat with a primary
payload, the gamma-ray module, GMOD, developed for the detection of GRBs [27,28] at
energies 60 keV to ~2MeV, as presented in Figure 1. GMOD is a <1 U scintillation-based
detector and consists of two main components: the detector assembly and the GMOD
Motherboard (MB) [29-31]. The detector assembly holds the CeBrs scintillation crystal
(25mm x 25mm x 40 mm), which interacts with gamma-ray photons from GRBs to pro-
duce optical photons, which are collected by a tiled array of 16 silicon photomultipliers
(SiPMs). The outputs from the SiPMs are read out and digitised by an application-specific
integrated circuit (ASIC), produced by Integrated Detector Electronics AS (IDEAS), Oslo,
Norway called SIPHRA (Silicon Photomultiplier Readout ASIC) [32]. The GMOD moth-
erboard was developed in-house [33,34] and supports the electronics for power and the
readout of the detector assembly. The GMOD MB converts the channel data into time-
tagged events (TTEs). TTEs are generated for the 16 individual channels of SIPHRA and
for the sum channel (sum of 16 channels). Both sum and 16 channel TTEs are sent in pages
to OBC. GMOD is based on in-house instrument heritage and will be used to scale up to a
6U mission with detection and localisation capabilities, called Gamma-ray Investigation of
the Full Transient Sky (GIFTS) [29,30,35-37].

The characterisation of an instrument in the spacecraft is necessary to investigate its
performance and ensure that it is capable of achieving the mission’s science goals [38].
Instrument characterisation as presented in this paper provides an in-depth understand-
ing of the behaviour of the instrument that could not be achieved via functional testing.
Performing the characterisation of the flight model of GMOD in EIRSAT-1 is essential
for interpreting the downlinked science data throughout the mission and identifying
intrinsic features in the data products. This characterisation campaign also provides a
benchmark of the experiment’s performance pre-launch. The results from this campaign
can be used to compare with the detector’s performance in-orbit, during commissioning
and nominal operations.

Initially, the ground-based energy calibration of GMOD was performed to map the
analog-to-digital (ADC) values to energy. Once the data were in energy space, the properties
of the detector could be investigated, including the instrument’s resolution. A calibration
of the instrument will be performed post-launch using the signature of galactic positron
annihilation at 511 keV to determine the shift in the energy spectrum [39]. Additionally,
lines from solar activity, e.g., the 2.2 MeV line from neutron capture on hydrogen [40],
can be used for in-orbit calibration. In addition to the ground characterisation, in-orbit
cross-calibration will be performed when GRBs are detected in coincidence with other
missions (e.g., Ref. [41]).
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Figure 1. The flight model of EIRSAT-1 including the location of major subsystems and the GMOD
detector assembly and motherboard. The coordinate system of the spacecraft is also detailed.

The aim of these tests was, first, to evaluate the effective area of the GMOD detector as
a function of energy and source incident angle to correctly generate the detector response
files [5]. This gave an understanding of the response of the detector and allowed an
interpretation of the mission’s science data when analysing potential GRB triggers from
different sky positions (on- and off-axis). Some triggers were also simulated by bringing
a source close to the spacecraft for a short period of time. The aim of these tests was
to further validate the correct operation of the trigger algorithm and data processing
and protection in the onboard software (OBSW) v18.3; see Refs. [30,42] for more details.
Simulations were performed in MEGALib, a collection of programs to simulate gamma-ray
instrumentation [43], to correlate with measurements in the lab and validate a Geomega
EIRSAT-1 model, with the original model detailed in Ref. [29].

Section 2 presents the experimental set-up in the cleanroom, including the angular
measurements on a motorised turntable, where all the characterisation tests were performed
with the EIRSAT-1 flight model (FM). The methods for producing the calibration and energy
resolution are outlined in Sections 3 and 4. The effective area of GMOD as a function of
energy and the angular response of GMOD are presented in Section 5. The trigger data
analysis is presented in Section 6. The simulations performed in MEGALIb are discussed
in Section 7 and compared to the experimental data to assess the accuracy of the model.

2. Characterisation Test Set-Up
2.1. Energy Calibration Hardware Set-Up

Initially, the measurements to determine the channel-energy relation of GMOD were
performed. The main goal of these measurements was to maximise the number of counts
during the integration interval. The spacecraft was secured in a vertical support stand for
the energy calibration source measurements. The EIRSAT-1 FM was connected to the power
and data acquisition ground-support equipment (GSE) via the Umbilical Interface Unit
(UIU), as labelled in Figure 2 (Panel B). The UIU interfaced with a bench power supply unit
(PSU) to provide a battery voltage of 8.35 V for the spacecraft. The UIU also provided an
interface between the spacecraft and the laptop used to command the satellite via the MCS
v21.2 and Python v3.7 scripts and retrieve the experimental data stored on the OBC. On the
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laptop, a terminal was used to monitor the debug log from the spacecraft throughout the
test activities.

In the first test, different radiative sources (enumerated 1-6, see Table 1) were placed
close to GMOD. As in Figure 2, sources 1-5 were positioned on the cross-hairs, which
identified the centre of GMOD’s CeBrj3 crystal, on a cap on the +Z face of the spacecraft
(Panels A and C of Figure 2). The distance from the end cap to the centre of the crystal
(CoC) is 49.6 mm. The position of source 6 is centred on the X face of the crystal, 222 mm
from the +Y face and 119 mm from the -Z face (see Panel D of Figure 2). It was found that,
with some of the sources in this position, the OBC could not manage the rate at which
GMOD was generating data for long durations. To determine the GMOD data rate that
the OBC could successfully handle, the sources were placed at different distances from
the CoC.

For each source position, the GMOD data production rate, in pages/min, was mon-
itored via the MCS. The address of the GMOD sum page received by the OBC was de-
termined at the same time as the address of the most recent page of generated summed
data multiple times over a few minutes. If the difference between these was increasing as
time progressed, the rate at which GMOD was producing data was greater than the rate at
which the OBC was reading data. The source was moved until the difference between these
two parameters remained the same over time, indicating that the OBC could manage the
data rate produced by GMOD. This was found to be ~ 250 pages/min. Each page contains
31 TTEs, so the TTE rate that the OBC can keep up with for long-duration experiments
(~hours) is ~ 130 TTEs/s or 130 counts/s. As GRBs are on much shorter timescales, this
issue will not affect GMOD's ability to detect these events. Table 2 contains the exact
sources used for the energy calibration measurements, their location with respect to the
CoC in GMOD and the integration times.

QOOOOOCL T 1
RN )
"

Figure 2. (A) EIRSAT-1, including co-ordinate system, on vertical integration stand for energy
calibration measurements with a source positioned on the +Z endcap. (B) GSE for measurements;
on the left is the FM, in the centre is the UIU and on the right is the PSU powering the spacecraft.
(C) Source positioned on the +Z endcap on cross-hairs marking the centre of the CeBr; crystal.
(D) Position of source 6 in Table 2, the source is centred on X of the crystal, 222 mm from the +Y face
and 119 mm from the —Z face.
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Table 1. Radioactive sources used for GMOD characterisation. The peak energies and transition

probabilities for sources marked with an * are from [38] and those marked with t are from [44].

The source activity for sources 1, 2, 3 and 6 are in yCi and quoted as of 12:00 GMT on 1 December
1979. The activity of source 5 is quoted as of 15 May 2013.

Source . . . . Line Energy Transition Half-Life Activity
Source No. Name Nuclide Line Origin (keV) Probability (Years) (uCi)

1 Americium 241 Am % 59.40 * 0.359 * 4322 11.16
0Co % 1173.23 * 0.998 * 5.26 12.28

2 Cobalt 60Co v 1332.49 * 0.999 * 5.26 12.28
133Ba ¥ 80.99 1 0.901 1 10.5 11.42
1338, % 276.39 1 0.075* 10.5 11.42

3 Barium 1338, % 302.85 F 0.1911 10.5 11.42
1338, % 356.01 F 0.636 1 10.5 11.42
133Ba ¥ 383.85 F 0.091* 10.5 11.42

21 Am ¥ 59.40 * 0.359 * 4322 -

4 Mixed Sotrce 137¢Cg Ba-137m 661.66 * 0.850 * 30.17 -
0Co ¥ 1173.23 * 0.998 * 5.26 -
0Co ¥ 1332.49 * 0.999 * 5.26 -

5 Sodium 22Na annihilation 511 * 1.798 * 2.6 10
22Na % 1274.54 * 0.999 * 2.6 10

6 Caesium 187¢Cg Ba-137m 661.66 * 0.850 * 30.17 11.16

Table 2. Energy calibration source positions and the duration of spectral integrations. Sources 1-5
were placed above the +Z endcap of the spacecraft at various distances from the centre of the GMOD
crystal (CoC). Source 6 was aligned with the CoC in X, placed 222 mm from the +Y face and 119 mm
from the —Z face on the table.

Source  Source Name Location with Respect to Location Relative to Int.

No. Centre of EIRSAT-1 (mm) CoC (mm) (Hours)
X Y V4 X Y Z
1 Americium —10.57 —14.50 298.5 0.00 0.00 234.6 12
2 Cobalt —10.57 —1450 113.5 0.00 0.00 496 12
3 Barium —10.57 —14.50 216.5 0.00 0.00 152.6 12
4 Mixed Source —10.57 —1450 113.5 0.00 0.00 49.6 12
5 Sodium —-10.57 —1450 2525 0.00 0.00 188.6 12
6 Cesium —10.57 272.0 5.50 0.00 —2865 —58.4 12

2.2. Angular Measurements Hardware Set-Up

For the determination of the angular response of the FM, two sources with known
activities, 2! Am and 1¥Cs, were used. Due to the limited time with the FM, integrations
with these sources at various angles were performed at the same time, with the two sources
taped together. They were selected as the gamma-ray peaks from each were at sufficiently
different energies so as to not interfere with each other. Figure 3 presents the hardware
set-up used, where the spacecraft was mounted on a turntable with an attached moveable
appendage. The turntable had a slip ring and interface printed circuit boards (PCBs),
which facilitated powering and commanding the spacecraft via the UIU. The UIU provided
an interface with a bench PSU to provide power for the spacecraft. It also provided the
connection to the MCS on the laptop, which facilitated setting up the experiment and
downlinking the data. This hardware was designed for attitude control and mission testing
and utilised for GMOD characterisation.
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Figure 3. The test set-up for the measurements made to determine the angular response of GMOD.
The FM was secured on a motorised turntable and the source was mounted on a moveable appendage,
to vary the polar and azimuthal angles, respectively.

The sources were placed at a variety of different positions relative to the spacecraft,
with some example orientations displayed in Figure 4. This was achieved by varying
the polar and azimuthal angles. The polar angle was varied by mounting the source on
a movable arm that could be rotated about an axis that went through the centre of the
detector. The azimuthal angle was varied by securing the spacecraft on the controllable
turntable, and moving it to the required positions. The turntable was also controlled via the
Python test scripts, and a separate script was written for these measurements containing the
set-up commands for GMOD and the commands for the turntable to move the spacecraft
to a specified range of angles.

Table 3 shows the locations tested, in both polar and azimuthal angles with respect
to the crystal centre and in Cartesian coordinates with respect to the centre of the space-
craft. These Cartesian coordinates are included, as they were required for the MEGAIlib
simulations discussed in Section 7. The final column of Table 3 shows the integration time
(in seconds). During the test runs, all the scripts were run for 3.5 h; however, for locations
where GMOD was most sensitive (e.g., +Y face, polar 90°, Az 270°) the number of TTEs
downlinked from the OBC was not representative of the number of TTEs generated by
GMOD. This issue was due to the OBC being unable to manage the rate at which GMOD
was producing data; this was accounted for in the data analysis. The analysis and results of
these off-axis measurements are presented in Section 5.

Table 3. Positions at which the source was placed for the angular response investigation for GMOD
FM. These positions are provided in polar and azimuthal angles with respect to the crystal centre and
in Cartesian coordinates with respect to the centre of the spacecraft. The integration time for each
measurement is provided in the final column.

Polar Angle (°) Azimuthal Angle (°) Distance to Centre of Spacecraft (mm) Integration (s)
X Y z

0 0 —1.057 —1.450 28.890 3112.56
0 10.193 —1.450 25.876 8815.00

30 90 —1.057 9.800 25.876 6226.38
180 —12.307 —1.450 25.876 6137.81

270 —1.057 —12.700 25.876 6201.48

0 18.429 —1.450 17.640 9337.74

60 8.686 15.425 17.640 7057.31

60 120 —10.799 15.425 17.640 6720.92
180 —20.543 —1.450 17.640 6895.48

240 —10.799 —18.325 17.640 8116.63

300 8.686 —18.325 17.640 8021.03
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Table 3. Cont.

Polar Angle (°)  Azimuthal Angle (°) Distance to Centre of Spacecraft (mm) Integration (s)
0 21.443 —1.450 6.390 12,597.20
30 18.429 9.800 6.390 8079.04
60 10.193 18.036 6.390 6063.91
90 —1.057 21.050 6.390 5528.77
120 —12.307 18.036 6.390 5759.64
90 150 —20.543 9.800 6.390 6256.82
180 —23.557 —1.450 6.390 6549.98
210 —20.543 —12.700 6.390 6635.26
240 —12.307 —20.936 6.390 5773.07
270 —1.057 —23.950 6.390 5364.51
300 10.193 —20.936 6.390 5981.63
330 18.429 —12.700 6.390 7814.70
0 18.429 —1.450 —4.860 8490.85
60 8.686 15.4250 —4.860 6611.60
120 120 —10.799 15.425 —4.860 8862.90
180 —20.543 —1.450 —4.860 6699.69
240 —10.799 —18.325 —4.860 7760.87
300 8.686 —18.325 —4.860 9409.55
0 10.193 —1.450 —13.096 13,941.38
150 90 —1.057 9.800 —13.096 15,991.81
180 —12.307 —1.450 —13.096 3324.10
270 —1.057 —12.700 —13.096 9837.67
180 0 —1.0570 —1.450 —16.110 50,397.94

Source Positions

e centre of crystal
e source

ck D

Figure 4. (A) EIRSAT-1 FM on vertical integration stand mounted to the turntable for polar 0°
measurement, i.e., the sources, circled in orange, mounted at the crystal centre in X, Y and 22.5cm
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above the +Z face of the spacecraft. (B) FM on turntable with the sources, circled in orange, positioned
at the polar 60°, azimuthal 270° measurements. (C) FM on turntable with the sources, circled in
orange, positioned at the polar 90°, azimuthal 0° measurements. (D) Source positions (blue points)
for all off-axis measurements. The red point marks the centre of the scintillator (40 mm in length
along Y and 25 mm along X and Z). The orange point marks the centre of the spacecraft.

2.3. Data Acquisition and Scripting

Due to time constraints on the availability of the EIRSAT-1 FM, the ability to execute
tests overnight and without an operator always present was paramount. Python scripts
were composed to configure the ~40 parameters to set up GMOD and then allow for
the specified amount of time for spectral integration. The scripts interfaced with the
mission control software (MCS v21.2) and commanded the experiment as if it were in flight.
The main interface with the spacecraft was via Bright Ascension’s MCS [45]. The Python
scripts performed the following tasks: turning on GMOD and experiment configuration
including firmware version and operational mode. The script then synchronised the time
on GMOD'’s microcontroller to the OBC time, and initiated GMOD generating data and
streaming it to the OBC. The script recorded the storage location of each run on the OBC
and, once a number of integrations had been completed, a second script could be used to
downlink the data. The data were downlinked through the satellite telemetry interface
using the MCS connected to the OBSW. This campaign provided the opportunity to test the
robustness of the chain of data acquisition that will be followed during the actual mission.

3. Energy Calibration
3.1. Single-Source Spectra

The FM of GMOD was configured to take a 12 h measurement for each of the sources
from 1 to 6 in Table 2. The summed channel TTEs stored on the OBC corresponding to each
measurement were downlinked and analysed in Python. A 24 h background integration
was also performed and downlinked. All of the data sets were divided by their respective
integration times, and the background spectrum was subtracted from the raw source
spectra. Figure 5 presents the raw spectrum (purple), background spectrum (grey) and
background-subtracted spectrum (teal) for each source.

3.2. Channel-Energy Relation

All the source spectra produced with GMOD followed a primarily Gaussian shape,
which varied depending on the underlying interaction with the CeBrs crystal. The photo-
peaks all fit with the following Gaussian function:

G(x) = e 27, ¢))

where N is the height of the peak, ¢ is the standard deviation and y is the position of
the centre of the peak [46]. In order to translate the ADC channels to energy values,
a channel-energy relationship was first determined. Each photopeak from the sources
listed in Table 2 was fitted with a Gaussian function, and the channel number for the centre
of the photopeak, y, was extracted. Figure 6 presents four examples of the functions fitted
to energy peaks in the spectra to determine the channel number of the peak centre.
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Figure 5. GMOD FM background-subtracted spectra (teal) in counts/hour for the six sources in
Table 2. In each panel, the background spectrum (grey) and the raw source spectrum (purple)
are presented.

In the analysis, the gamma-ray photopeaks could not be fitted with a simple Gaussian,
as there are other contributions in the photopeak such as from back-scattering off of nearby
structures, background contributions and Compton distributions (as seen in the spectra in
Figure 5). In general, the peaks were fitted with a combination of a Gaussian function and
a polynomial function to account for other contributions to the photopeak. The final fit is
plotted as a dashed line and the composite functions are plotted separately as solid lines in

Figure 6.
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Figure 6. A sample of four fits to GMOD spectra in terms of ADC channel number. Each panel shows
the fit (dashed grey line) to the background-subtracted spectrum. The composite functions of the fit
are plotted as solid lines.

The ADC channel numbers associated with each peak centre, j1, were then plotted
against the known energy of the photopeaks, as listed in Table 1, to map the channel
numbers to energy. Figure 7 presents the channel-energy relation for GMOD FM. The rela-
tionship between the ADC channel number and energy, E, was best fitted with a quadratic

of the form
E = a(Channel Number)? 4- b(Channel Number) + ¢ ()
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where a, b and c are the fit coefficients. The coefficients of the fit to the GMOD channel
energy relation are a = 3.56 x 107>, b = 0.42 and ¢ = —17.30.
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Figure 7. Energy—channel calibration relation for GMOD FM. The relationship was fit with a quadratic
(dashed line) with the coefficients a = 3.56 x 1072, b= 0.42 and ¢ = —17.30. The teal points representing
the mixed source were not used in the final fit due to the lab temperature being different for these
measurements. Measurement errors for gamma-ray line centres are on the order of 0.3 ADC channel.

4. Energy Resolution

The energy resolution represents the broadening of a gamma-ray line due to pho-
toelectron statistics and detector effects, it quantifies how well the detector can define a
gamma-ray line for a specific energy.

The energy resolution, R, of a detector is defined as

FWHM

R(%) = x 100, (©)]
where the full-width at half-maximum (FWHM) of the energy pulse is divided by the
location of the peak’s centre, y [38]. The FWHM is calculated using the standard deviation,
o, of the Gaussian fit function, as follows:

FWHM = 2v2In20 . )

There are a number of contributing factors resulting in the increase of a detector’s
energy resolution such as the aforementioned photoelectron statistics, changes to the
configuration of GMOD and non-uniformity of the scintillator’s response or the SiPMs
performance. The sources used in this testing were only a sample of the full range of
energies that could be emitted by astrophysical sources. The resolution of the detector for
this larger energy range can be extrapolated by fitting the following function to the physical

measurements [38]:
o= Va%2+ b2E + 2E2. (5)

The constant, g, is negligible because SiPMs are high-gain devices and the noise is

7

not an issue for the measurement of gamma rays above 50 keV. The v b2E term accounts
for the fluctuations in the number of scintillated photons and photoelectrons produced by

the SiPMs. The final term, v/ ¢2EZ, is attributed to the non-ideal transfer of the scintillated
photon energy from their creation locations to the SiPMs.
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The energy calibration was first applied to the spectra produced by GMOD for the
sources listed in Table 2, such that the spectral counts/keV /hour were plotted against

energy in keV, rather than channel number, as in Figure 8.
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Figure 8. GMOD FM-calibrated spectra (teal) in counts/keV /hour for the six sources in Table 2.

The photopeaks were then re-fitted with a combination of a Gaussian(s) and a polyno-
mial function to account for other contributions to the photopeak to determine ¢ and, using
Equation (4), the FWHM in terms of energy. Figure 9 presents four examples of fitting
the photopeaks of the sources in energy space. Figure 10 presents the ¢ values for the
photopeaks as a function of energy. Equation (5) was then fitted to these points with
coefficients b = 0.6761 and ¢ = 8.9754 x 1073.
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Figure 9. A sample of four fits to GMOD spectra in terms of energy (keV). Each panel shows the fit
(dashed grey line) to the energy-calibrated spectrum. The composite functions of the fit are plotted as

solid lines.
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Figure 10. GMOD FM ¢ as a function of energy, fit (dashed line) with Equation (3) and coefficients
a=0,b=0.6761 and ¢ = 8.9754 x 10~3. Relative statistical errors in the sigma values are under 4%.

The energy resolution of the photopeaks were determined using Equation (3). This
energy resolution was plotted as a function of energy, as in Figure 11. Equation (5) can be
expressed in terms of the FWHM (%), as follows:

2
FWHM (%) = 235.5 x \/% +c2. (6)

and can be fitted to the data in Figure 11 to determine the resolution of the GMOD FM
over a wide range of energies. The obtained coefficients of the fit are b = 0.6294 and
¢ =6.8994 x 1073, The energy resolution of GMOD FM improves for incoming photons
with higher energies and was found to be 7.07% at 662 keV.
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Figure 11. Energy resolution in terms of FWHM (%) fit with Equation (6) and coefficients a = 0,
b =0.6294 and ¢ = 6.8994 x 1073, Relative statistical errors in the resolution values are under 4%.
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5. Effective Area
The effective area of a gamma-ray detector accounts for the detection efficiency of the

instrument and the observable area. The full-energy peak effective area, A,f¢ (cm?), for a
detector is determined as [38]

C 2
aPr 47s”, (7)

Agff =

where C is the number of counts in the photopeak, i.e., the area under the Gaussian, Pr is
the transition probability, s is the distance (cm) between the source and the detector and a,
is the activity of the radioactive source (1/s). The activity is given by

ac = ae ™M = a,e 3 , (8)
where 4, is the activity of the source (s~!) at a specified time, t is the time (s) between
the determination of the activity and the performance of the test campaign and T} is the

2

half-life of the source (s).

As the source is emitting gamma rays in all directions but only a fraction is observable
to the detector, the term 47ts? accounts for the fraction of photons emitted by the source
that will actually come in contact with the detector.

Figure 12 presents the effective area of the flight model of GMOD as a function of
energy, where all the sources were positioned above the +Z face of the spacecraft at the
CoC. The source activity must be known for the determination of an absolute effective area,
which limited the sources in Table 1 that could be used to determine GMOD'’s effective
area. Sources 1-3, 5 and 6 were used to determine the effective area of GMOD as a function
of energy. Table 2 provides the position of these sources relative to the crystal centre,
the s term in Equation (7). In Figure 12, the previously simulated effective area (blue)
from [29] is in good agreement with the physical measurements (see Section 7.2 for the
updates made to the model to represent the FM including the addition of the GMOD top
reinforcement bracket (GTRB), the structural bracket the detector assembly is mounted
on). The instrument’s sensitivity appears to peak in the range of tens to a few hundred
keV, as is desired for the detection of the prompt emission of GRBs. The effective area is
lower for smaller energies as a result of gamma-ray absorption by the detector housing
and spacecraft.

The effective area of FM GMOD as a function of source incident angle was also
investigated. As described in Section 2.2, due to time constraints, two sources, 137Cs and
241 Am, were used together for the angular measurements. The effective area of GMOD
was determined at 34 different incident angles, as listed in Table 3. Figure 13 presents the
angular response of GMOD at 662keV and Figure 14 at 59.4 keV. The angular response
of GMOD at both these energies follows similar profiles. As shown in Figures 13 and 14,
the calculated values of the effective area have an uncertainty of 6-7%, which is due to an
uncertainty of the source activity (5% for the 24! Am source and 3.5% for the 137Cs source)
and errors in the source-to-crystal distance (about 5 mm).

The measurements at polar angle 90° show the most diversity and the impact of the
crystal geometry on the detector’s performance. The area of the Y and Z faces of the GMOD
crystal is 10 cm?, and the X faces are 6.25 cm?2. The effective area of GMOD peaks at the
—Y and +Y faces, which correspond to the longer faces of the crystal. The only obstacle
between the source and crystal at these faces are the spacecraft panels with mounted solar
arrays. At the —X face, the effective area drops by ~ 0.2 cm?, as this face of the crystal is
smaller. The effective area is at a minimum at the +X face as the gamma-ray photons are
attenuated by the PCBs (SIPHRA and adapter boards) before reaching the crystal. For the
other polar angles, the effective area tends to be at a minimum at azimuthal angle 0° (+X
face). The effect of the spacecraft is also evident by the difference in effective area between
polar angles 0° and 180°. At 59.4keV, the effective area at polar angle 0° (+Z face) is similar
to the —Y and +Y faces at > 5cm?. The spacecraft components beneath GMOD attenuate
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the incoming photons as, at polar angle 180°, the effective area is ~0.05cm?. As expected,
at higher energies (662 keV), the photons are capable of reaching the crystal through the
spacecraft and there is a smaller difference in the effective area between the —Z and +Z of

~1cm?.
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Figure 12. GMOD FM effective area as a function of energy, where all the sources were positioned
above the +Z face of the spacecraft at the CoC. Simulated photopeak effective area from [29] plotted

in teal for comparison to physical measurements.
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Figure 13. Angular effective area of GMOD FM at 662 keV.
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Figure 14. Angular effective area of GMOD FM at 59.4 keV.

6. Trigger Algorithm Testing

Additionally, the correct operation of the OBC-triggering algorithm and the processing
and protection of the TTEs around the time of the trigger were tested during the char-
acterisation campaign. GMOD was configured for experiment-running and the OBC’s
triggering algorithm was enabled. During these tests, the source was brought close to each
face of the spacecraft (without touching the satellite) for a fixed amount of time, i.e., 10 s.
GMOD triggered on the source at multiple positions, and it was confirmed that the trigger
time and duration were correct, contributing to the verification of the functionality of the
onboard triggering algorithm. The trigger data processing and protection in the OBSW
around the time of the trigger were also validated as the data analysed from these triggers
were downlinked from the protected trigger data storage channels on the OBC. The OBC
successfully recorded 21 triggers. Figure 15 presents six triggers, where each trigger had
the source located at a different face of the spacecraft (+X, —X, +Y, =Y, +Z, —Z) for ten
seconds. Panel A of Figure 2 presents the EIRSAT-1 coordinate system.

In Figure 15, the sources were approximately the same distance from each face of the
spacecraft for the same duration, so the intensity of the triggers reflects the impact of the
crystal geometry and surrounding spacecraft on the performance of GMOD. The highest
number of counts in a trigger (~ 3500) was when the source was at the +Z face of the
spacecraft; the only components between the source and GMOD are EMOD and the GTRB.
As expected, the counts in the trigger are at a minimum when the source is at the —Z
face of the spacecraft. The trigger only creates ~ 230 counts, as the CubeSat stack of PCBs
attenuates the gamma-ray photons before they arrive at the GMOD detector. Similarly,
the +X trigger has relatively low counts, as the gamma-ray photons need to pass through
the components in the detector assembly (SIPHRA, Interface PCB) before reaching the
scintillator. The +Y trigger has ~2000 counts, as the source is further away from the GMOD
detector. The —Y and —X triggers have a similar number of ~ 3000 counts in the trigger, as
there was only a solar panel between them and the source.
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Figure 15. Each panel shows the counts recorded in a GMOD trigger as a function of time. A 137Cs
source was used to trigger GMOD; the source was briefly positioned at each face of the spacecraft for
~10 s. The protected trigger data was plotted. The maximum counts were recorded when the source
was at the +Z face; each panel shows this max count value as a dashed green line to facilitate trigger
comparison.

7. Characterisation Simulations

In order to understand and predict the performance of GMOD as a GRB detector
and ensure that the correct response is used if the event location is known, it is important
to have an accurate spacecraft and detector model. The engineering qualification model
(EQM) of EIRSAT-1, developed using MEGALib, is described in [29]. This model needed
to be updated to reflect the changes to the configuration of GMOD in the flight model.
The first hardware design change was in the mounting of GMOD in EIRSAT-1. In the EQM,
GMOD was mounted to the GMOD motherboard. In the FM, GMOD is suspended above
the motherboard, and mounted in the PCB stack via, on a structural bracket, the GTRB.
The second hardware change was that ceramic capacitors were used on the GMOD EQM
MB. The GMOD FM motherboard has metal framed capacitors, as these are more robust
against PCB flexure. Simulations were then performed with this updated model to correlate
with measurements in the lab and validate the updated EIRSAT-1 model.

Section 7.1 provides an overview of the MEGAIib software v4.0 used to update the
model and run the simulations. Section 7.2 outlines the updates made to the spacecraft
geometry model. Section 7.3 presents the results of the simulations with a comparison to the
physical measurements to confirm that the model was representative of the performance of
the physical spacecraft.
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7.1. MEGALib

The Medium-Energy Gamma-ray Astronomy library (MEGALIib) v4.0 is a collection
of programs for simulating gamma-ray instrumentation [43]). The software library was
initially developed for the telescope MEGA [47]), which combined Compton scattering and
pair production instrumentation; therefore, the higher-level data analysis tools concentrate
on Compton telescope processes. However, the flexible design of the tools makes it
applicable to many detector types, including scintillation-based instruments like GMOD
on EIRSAT-1.

The simulations performed with MEGALIib for EIRSAT-1 used the following three
MEGALib packages [48]:

1. Geometry for MEGAIib (Geomega);
2. A Cosmic Simulator for MEGALlib (Cosima);
3. Real Event Analyser (Revan).

The geometry of the detector and the satellite were first defined using Geomega,
as seen in Figure 16; then, the gamma-ray source(s) were defined and, using Cosima and
Revan tools, the response of GMOD in EIRSAT-1 to the sources was simulated.

Figure 16. Updated EIRSAT-1 MEGAIlib mass model including the GTRB with one solar panel cut
out to view the internal components.

The main input file of Geomega includes the list of materials, the volumes of all the
components of the spacecraft, the characteristics of the detector and any trigger criteria.
In MEGALib, the lengths of all objects are defined in half lengths and, throughout the
programme, all the units are in cm, keV, g and deg. The materials that comprise the different
components of the detector and the satellite, their densities and chemical compositions are
defined in a separate file in Geomega and included in the main input file. The volumes can
be a variety of different shapes including boxes, spheres, tubes and trapezoids.

The gamma-ray detector also needs to be defined in the geometry file in MEGALib.
Various properties of the detector are defined in the geometry file including trigger thresh-
olds, noise thresholds and energy resolution in the case of scintillation-based detectors.
The definition of the detector identifies which volume(s) in the model in which the positions
and energies of interactions should be recorded.

The second tool used in MEGALib is Cosima. Cosima is a Geant-4-based [49] simulator
of the detection of gamma rays in the keV to a few hundreds of GeV range via photo-electric
absorption, Compton scattering and pair production by gamma-ray telescopes. The Cosima
simulation is directed by an input “source” file. The first input into the source file is the
Geomega geometry definition of the satellite and the detector, as shown in the sample
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code below. The second section of the source file describes the electromagnetic interactions
package that will be used to describe the interactions in the simulation. The Livermore low-
energy EM package describes gamma-ray interactions in the 250 eV to 100 GeV range [50].
The output format of the simulated data is then defined (e.g., storage of simulation history
and ionisation information) and the final section describes a simulated run. One source file
can define multiple simulation runs that will be performed in succession. Each run must
have a defined output file name, stop criterion (time) , definition of the radioactive source
including the particle type, beam type and position, source spectrum and the average total
flux integrated over beam and spectrum. The flux (particles/s) is calculated by multiplying
the activity of the source (Bq) by the transition probability.

The output of the Cosima simulation contains the interaction history of all the primary
and secondary particles and all of the hits in the detector. Along with each hit, the associated
position in world coordinates and energy are recorded. Revan is the final MEGAIlib package
used in this chapter, to combine the Cosima simulation results and the Geomega geometry
together to generate a simulated detector response. Revan is used to generate the spectrum
recorded by the simulated detector of the gamma-ray source. This spectrum can then be
analysed and compared to the physical measurements to confirm that the simulated model
of the spacecraft is in close agreement.

7.2. EIRSAT-1 MEGAIib Model

In order to determine the performance of GMOD in orbit, it is important to consider
the impact of the remainder of the spacecraft on its ability to detect incoming gamma rays.
The initial geometry of EIRSAT-1 in MEGALib is described in detail in [29]; however, due to
design changes, the model required an update. The major addition to the model was the
creation and inclusion of the GMOD GTRB.

In Geomega, to create the GTRB, a plate of aluminium was defined. The structure of
the GTRB was then modelled by making vacuum cut-outs in the shapes of cuboids and
trapezoids. Figure 17 shows the GTRB model in Geomega, the shapes highlighted in green
are all vacuum cut-outs. The GTRB is 5mm thick at the edge and then there is a 1 mm
indent, as shown by the dark blue sections which are large vacuum cut-outs.

Figure 17. The left panel presents GMOD GTRB modelled in MEGAlib Geomega. The shapes
highlighted in green are all vacuum cut-outs. The GTRB is 5mm thick at the edge and then there is a
1 mm indent, as shown by the dark blue sections, which are large vacuum cut-outs. The right panel is
the physical GMOD GTRB attached to the GMOD detector assembly.

The GTRB was inserted above the GMOD detector assembly, as shown in the left

panel of Figure 18, and the right panel shows the new GMOD assembly included in the
full spacecraft.
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Figure 18. The GMOD GTRB modelled in MEGAIlib Geomega included above the detector assembly
(LHS) and then within the full spacecraft model (RHS) where the position of the detector assembly
has also been updated to reflect the flight model.

The position of the detector assembly also required modification as, in the FM, the alu-
minium housing was inverted and secured to the GTRB (in the EQM, the aluminium
housing was mounted to the GMOD MB below).

7.3. Simulations and Comparison with Physical Measurements

Two groups of simulations were performed to compare with the GMOD FM physical
measurements and investigate the accuracy of the EIRSAT-1 MEGALlib model. Initially,
the 12 h integrations were simulated using MEGALib. The activity of the source is required
as a simulation input; therefore, the response of GMOD to the five sources with known
activities from Table 1 were simulated, i.e., 21 Am, 137Cs, 133Ba, ®°Co and 2Na. The mea-
surement duration, source activity and position relative to the centre of the spacecraft were
input into the Cosima source file. Cosima was run to generate all the particle interactions.
Revan was then used to process the Cosima output file, along with the spacecraft and
instrument geometry, to produce a spectrum recorded by the simulated detector. Figure 19
presents a comparison of the simulated spectra (teal) and the spectra produced by the
physical FM (grey) for each source. Both spectra are displayed in counts/keV /hour. As ex-
pected, the number of counts in the simulated photopeaks does not exactly match that of
the physical measurements; these differences can be accounted for with uncertainties in the
activities and positions of the sources.

As most evident in the ¥Cs spectrum, the additional low energy counts in the region
of ~50keV to 250 keV in the physical measurements can be attributed to scattering from
the surrounding environment. The MEGAlib simulation assumes that the spacecraft is in a
vacuum, so there are no testing mounts or walls to scatter the gamma rays.

The photopeak of the gamma-ray line at 59.4 keV in the measured 24! Am spectrum
(grey spectrum in the last panel of Figure 19) has an unusual profile, as this peak is at the
energy threshold of the physical flight model of GMOD. Prior to FM vibration, GMOD
was capable of detecting the full peak at 59.4 keV. After FM vibration testing, a shift in
energies down in the channel number was observed in the GMOD spectra due to a lower
current being produced by the SiPMs. A lower current could be caused by a lower light
collection or an electronic issue with the SiPM bias voltage. As the bias voltage has been
measured and confirmed to be configured correctly, the issue is attributed to the lower light
collection. An optical coupling issue would cause lower light collection, e.g., trapped air
between the scintillator and SiPMs. However, as the spacecraft had been qualified after the
FM environmental testing, it could not be disassembled to confirm this possible cause or
rectify it.
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Figure 19. Spectra (counts/keV /hour) produced by the simulated MEGAIlib GMOD detector (teal)
for the five sources with known activities in Table 1. In each panel, the spectra produced by the
physical GMOD FM are plotted for comparison.

The peaks of the simulated spectra were fitted using the same method as followed
for the measured spectra to determine the relationship between ¢ and energy, as shown
in Figure 20. The relationship described by Equation (5) was fitted to the simulated data
points (teal) with the fit coefficients b = 0.6810 and ¢ = 9.6791 x 10~3. The model is in good
agreement with the relationship fit to the measured spectra (grey solid line).

The energy resolution, in terms of FWHM (%), of the simulated detector was then
determined using these ¢ values and Equation (3). The energy resolutions of the simulated
spectra were fitted with the relationship described by Equation (6) and fit coefficients
b =0.6274 and ¢ = 1.3940 x 1072, as in Figure 21. The MEGAIlib model results (teal) reflect
the measured energy resolution of GMOD FM (grey solid line).
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Figure 20. GMOD simulated ¢ as a function of energy, fitted with Equation (5) and coefficients
a=0,b=0.6810and c = 9.6791 x 1073. The model is in good agreement with the relationship fit to
the measured spectra (grey solid line). Relative statistical errors in the sigma values are under 4%.
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Figure 21. Simulated energy resolution in terms of FWHM (%) fit with Equation (6) and coefficients
a=0,b=0.6274 and c = 1.3940 x 10~2. The model is in good agreement with the relationship fit to the
measured spectra (grey solid line). Relative statistical errors in the resolution values are under 4%.
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The effective area as a function of energy of the simulated detector was determined,
as seen in Figure 22. As expected, the effective area of the model is slightly higher across
all energies, with the average difference between the measured and simulated energies
being 0.5 cm?. This is due to the previously explained difference in photopeak counts of
the simulated spectra in comparison to the measured spectra.
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Figure 22. GMOD FM simulated effective area as a function of energy, where all the simulated source
positions were above the +Z face of the spacecraft at the CoC.

The second set of simulations performed was to investigate the accuracy of the ME-
GAlib GMOD model’s angular effective area. Source files for the measurements at the
34 angles were run with Cosima. The spectra were processed using Revan and analysed
to calculate the effective areas. Table 4 compares the calculated effective areas at polar
angle 0° and polar angle 180°, which correspond to the source being 22.5 cm from the +Z
and —Z of the spacecraft, respectively. Figures 23 and 24 compare the measured (grey)
and simulated (teal) angular response of GMOD FM at 662 keV and 59.4 keV, respectively.
The updated FM model produces the expected angular response from GMOD in agreement
with the measured results. Across all angles, the simulated effective area is higher due to
there being more counts in the simulated photopeaks. There is also a larger difference in
values for the 59.4 keV peak due to the physical FM not fully detecting this peak in 2*! Am.

Table 4. Comparison of effective area for measured and simulated GMOD EM at 662 keV and
59.4 keV at +Z (polar angle 0°) and —Z (polar angle 180°).

Polar Angle Peak Energy (keV) Measured A, ¢ (cm?) Simulated A, ss (cm?)
0 662 1.72 1.86

59.4 5.23 5.33

662 0.73 1.15
180 59.4 0.05 0.74
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Figure 23. GMOD FM simulated angular response compared with the measured FM response at
662 keV. Errors in measured values are mainly due to systematic uncertainties. Errors for simulated
values are purely statistical and under 1%.
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Figure 24. GMOD FM simulated angular response compared with the measured FM response at
59.4keV. Errors in measured values are mainly due to systematic uncertainties. Errors for simulated
values are purely statistical and under 1%.
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8. Conclusions

The characterisation of the flight model instrument provides a comprehensive under-
standing of the instrument’s behaviour pre-launch. Initially, an energy calibration was
performed on GMOD to map the ADC channel values to energy. Then, the properties of
the detector were determined, with the FM having an energy resolution of 7.07% at 662 keV.
The effective area as a function of energy and incident angle was investigated, which is
important for interpreting the downlinked science data during the mission. The effective
area of GMOD peaks in the energy range of tens to a few hundred keV, as is required
by the specifications of our scientific case for GRB detection. As expected, the detector
is most sensitive on the faces with minimal obstruction and the least sensitive faces are
those where gamma-ray photons must first pass through the CubeSat stack or the PCBs in
the detector assembly. In addition to these measurements with the physical flight model,
the EIRSAT-1 MEGAIib model was updated to reflect the new configuration of GMOD
in the flight model. This updated model was validated by simulating the measurements
made in the lab and confirming consistency between the simulated and physical results.
This approach to characterising an instrument for GRB science can be followed by other
CubeSats with similar science goals. The results from this characterisation campaign can be
used for comparison with the detector’s performance in orbit. In reference [29], simulations
performed with the original MEGAIlib model predicted that GMOD will detect 11-14 GRBs
at a significance greater than 10 during a nominal one-year mission. Future work would
include performing these simulations with the updated MEGAlib model presented in this
paper and producing the response files for spectral fitting.
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Abstract: This paper examines the growing adoption of laser communication (lasercom) in space
missions and payloads for identifying emerging trends and key technology drivers of future optical
communications satellite systems. It also presents a comprehensive overview of commercially
available and custom-designed lasercom terminals, outlining their characteristics and specifications
to meet the evolving demands of global satellite networks. The analysis explores the technical
considerations and challenges associated with integrating lasercom terminals into LEO constellations
and the Inter-satellite communications service provision in LEO due to their power, size, and weight
constraints. By analyzing advancements in CubeSat lasercom technology designed to cater for
the emergence of future mega constellations of interacting small satellites, the paper underscores
its promising role in establishing high-performance satellite communication networks for future
space exploration and data transmission. In addition, a brief overview of our ALIGN planned
mission is provided, which highlights the main key operational features in terms of PAT and link
budget analysis.

Keywords: free-space optical communication; satellites; low-earth orbit; geostationary orbit

1. Introduction

Wireless communications have recently undergone an exceptional surge in various
areas. From cellular networks to satellite connections, wireless telecommunications have
given rise to a multitude of novel services to provide communication and internet con-
nectivity worldwide. Despite this, the “World Internet Development Report 2024” states
that the global average internet penetration rate is approximately 67.1 percent, implying
that approximately 32.9% of the global population lacks internet access. This means bil-
lions of people are still unconnected [1]. Traditional communication methods that utilize
radio frequencies (RF) face data transmission capacity constraints due to technological and
regulatory challenges [2]. From a technological perspective, these systems are mainly con-
strained by limited available bandwidth, signal attenuation, interferences, and hardware
limitations in terms of weight and energy efficiency. On the regulatory front, they are bound
by spectrum allocation, the necessity for licenses and coordination, and the international
agreements governing the use of the RF spectrum and orbital slots [3]. Terrestrial networks,
for example, make it impossible to deliver telecommunications services in isolated areas,
the North and South Poles, and impoverished settlements due to high building costs.
Likewise, for certain scenarios, such as high-speed trains and planes, terrestrial wireless
communication networks deliver poor quality of service (QoS) due to a high call drop rate
caused by high mobility and frequent cell handovers.

Aerospace 2024, 11, 907. https:/ /doi.org/10.3390/aerospace11110907 273 https://www.mdpi.com/journal /aerospace



Aerospace 2024, 11, 907

Satellite communications have received a lot of attention for offering abundant radio
frequency resources, wide coverage areas, long communication distances, rapid deploy-
ment capabilities, and minimum interference from the ground network. However, the
dependence on satellite communication highlights the inherent limits of present RF tech-
nologies. As an alternative to addressing these limits, the use of optical technology has
demonstrably pushed the RF boundaries to enable data transmission with high bandwidth
and secure channels.

Free-space optical (FSO) communication emerges as a subset of optical communication
technology that is used to address the growing demand for high-speed data transmission
in space applications. FSO, with its inherent advantages of large capacity, low detection
likelihood, and minimal interception risk, provides an alternative solution to standard
RF communication. It may also contribute to the deployment requirements of mega-
constellations composed of multiple small-to-medium-sized satellites, thereby mitigating
the issues related to spectrum congestion in RF communication [4]. The global space-
based laser communication market, mostly commercial applications, is expected to reach
USD 5 billion by 2031, i.e., a growth of about 26% per year since 2022 [5]. FSO links can
be established between fixed or dynamic point-to-point systems or in interconnections
between satellites, aircraft, maritime vessels, and ground terminals (stationary and mobile).

FSO links for space communication require beam tracking and locking prior to data
transmission. In inter-satellite communications, where there is no need for ground stations,
FSO links with wavelength division multiplexing (WDM) and relays can be deployed [6].
Recent space missions have demonstrated in orbit the core principles of space-based optical
communication, which paved the way for its real-time deployment in both academic and
business sectors [7]. These missions have demonstrated a range of optical communication
links that are classified based on their separation from the Earth’s surface and have inves-
tigated both the dynamic and stationary conditions of the transmitters and/or receivers.
For instance, in geostationary Earth orbit (GEO), the satellite is typically deployed at about
36,000 km above the Earth’s equator. GEO was the preferred technology used by satellite
operators to execute their commercial satellite communication systems due to the advan-
tages of fixed position relative to the Earth, coverage, and practically constant latency [8].
However, communication systems encounter multiple issues. The first issue is a bad user
experience caused by high latency and channel attenuation. Second, it is inappropriate
for mobile communications at high latitudes, not least because the elevation angle (the
angle between the user’s satellite and the horizon) of the user equipment is so narrow
that terrain shelter should not be disregarded. Also, the system’s coverage and capacity
are constrained by a lack of orbital and frequency resources. Finally, the costs of satellite
launch and operation are relatively high. Few missions were established between the GEO
to ground. A Laser Communication Experiment (LCE) aboard the Japanese Engineering
Test Satellite-VI (ETS-VI) was an example of the bi-directional laser communications link
between the GEO and ground station [8,9]. Even though medium Earth orbit (MEO) satel-
lite communications have a shorter propagation delay than GEO (closer to the Earth than
GEO satellites, with distances ranging from 2000 km to 20,000 km), more MEO satellites
are required to continually cover the region. It also requires a higher transmit power than
low Earth orbit (LEO) systems to overcome path loss and other atmospheric losses [10].
O3b/SES “other 3 billion” has launched over 15 MEO satellites to provide Ka-band com-
munication services [11], while Laser Light Communications plans to create an all-optical
worldwide MEO communications network [10,11].

Unlike their GEO and MEO predecessors, LEO satellites orbit between 500 and
2000 km above the Earth’s surface [12]. This low altitude translates into a variety of
advantages, making LEO a suitable candidate for the satellite communication business,
which include lower latency, reduced signal path loss, and lower production and launch
costs. Prior demonstrations have successfully established FSO communication links be-
tween LEO to Ground Station. Examples include the Laser Utilizing Communications
Equipment (LUCE) [13], Optical Payload for Lasercomm Science (OPALS), and Tesat LCT
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links facilitate optical communication capabilities from entities like the International Space
Station (ISS) or LEO satellites to terrestrial stations [12]. The next section will further discuss
these demonstrations and what they mean for future FSO communication installations
employing LEO satellites.

The potential applications of FSO communication systems extend beyond traditional
point-to-point links and established orbital altitudes. As shown in Figure 1, FSO can facili-
tate various array of interconnected links across different communication paths, including
(i) Satellite-to-Satellite Links, as it may involves connections between LEO to GEO Satel-
lite, which is established through the Semiconductor-laser Inter-satellite Link Experiment
(SILEX) and the European Data Relay System (EDRS) [14,15]. Inter-satellite Links (ISLs)
between satellites positioned in various orbits, including LEO, MEO, and GEO, are demon-
strated by the Optical Inter-Orbit Communications Engineering Test Satellite (OICETS)
and SILEX, with the Laser Communications Relay Demonstration (LCRD) showcasing
optical inter-satellite links bridging LEO and geosynchronous orbit [16,17]. In addition
ground to deep space connections were demonstrated by the Lunar Laser Communication
Demonstration (LLCD) and Laser Communications Relay Demonstration (LCRD), show-
casing optical communication capabilities from terrestrial stations to lunar orbit and deeper
space regions [7,18,19]. (ii) Air-to-Ground/Ground-to-Air Link establishes a bidirectional
laser communication between aircraft and LEO satellites, enabled by the Optical Com-
munications and Sensor Demonstration (OCSD) [20]. Similarly, an optical downlink from
high-speed aircraft to ground stations has been demonstrated, displaying integrated laser
terminals suitable for free-space optical communications even under jet fighter vibrations
conditions [21,22]. In addition, airborne free-space experimental laser terminals, such as
those used in the stratospheric Optical Payload Experiment (STROPEX) [23], show data
transmission from balloons to LEO satellites. CAPANINA, a project focused on broadband
technology development from High Altitude Platforms (HAPs), extends coverage to users
potentially marginalized by geography and infrastructural limitations, achieving burst
data rates of up to 120 Mbit/s within a 60 km coverage area [24]. Stratobus and other
projects have shown broadband internet connectivity via optical lines from a HAP balloon
to ground [25]. (iii) The deep-sea-based OWC link was demonstrated by Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) with Trimatiz Limited (Trimatiz), which
demonstrates an underwater vehicle at a depth of 900 m [26]. Table 1 illustrates instances
of optical space communication links, organized across a variety of platforms.

A number of survey papers have discussed in detail the potential of FSO links in
space [4,6,27]. For instance, the requirements to establish positioning, navigation, and
timing (PNT) systems within LEO as a part of the FSO systems were analyzed [6]. The
survey covered several areas of the signal design across space, ground, and user segments.
The merits and limits of various instruments and techniques were evaluated to identify
viable solutions for deploying LEO-based navigation systems. Thus, addressing the lim-
itations of PNT systems in LEO is crucial for resolving current challenges in navigation,
positioning, and timing, which can be directly reflected on the improvement of urban
and indoors navigation. Likewise, the recent mega-constellation systems planned and
launched from various countries were addressed in [28], in which the authors predict
that the use of CubeSat laser communication will expand and that the deployment of the
mega-constellation systems is subject to having sufficient number of operational in-orbit
satellites. These papers highlight the significant advantages of optical communication over
traditional radio frequency (RF) communication, in terms of higher bandwidth and data
rates [4,27].

Similar to previous works, this paper presents a comparative analysis of all FSO links
deployed in space both historically, considering commercial and non-commercial missions,
and in the context of future missions specifically addressing LEO-to-LEO challenges. We
also produced a comparative analysis in terms of latency reliability, data rate, and power
consumption. The work emphasizes the development of compact and power-efficient
laser communication terminals that are suitable for small satellite platforms and CubeSats
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and demonstrates how the emerging trend towards mega-constellations of small, interact-
ing satellites, a topic that has not been extensively covered in earlier surveys. Included
in the discussion about increased interest and future LEO missions, we will present a
brief overview of our planned mission Autonomous Laser Inter-satellite Gigabit NetWork
(ALIGN) and the Free-space Optical Communications Unit for Satellites (FOCUS) payload.
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Figure 1. Architecture of satellite communication systems via different communication link types.

Table 1. An example of optical space communication across various platforms.

Platform Project/Experiment Maximum Link Span (km) Maximum Data Rates
LEO to Ground Station LUCE [13], OPALS, Tesat LCT links [12] 5000 1.8 Gbps
LEO to GEO Satellite SILEX [14], EDRS [15] 45,000 50 Mbps to 1.8 Gbps
LEO to Aircraft OCSD [9] 200 100 Mbps
Aircraft to Ground Station [21] 50-79 1.25 Gbps
Balloon to LEO Satellite STROPEX [23], CAPANINA [24] 200 2.5 Gbps
GEO to Ground Station LCE aboard ETS-VI [8,9] - 1 Mbps
HAP to Ground Stratobus [2,29] 20 km above earth surface -
Ground to Deep Space LLCD, LCRD [7,18,19] 380,000-400,000 620 Mbps to 20 Gbps
Deep Sea JAMSTEC [26] 0.9 1 Gbps
Inter-satellite Link OICETS, SILEX [16], LCRD [17] 45,000 50 Mbps

The remainder of the paper is organized as follows. Section 2 describes all previous
space-based laser communication missions. CubeSats and inter-satellite links are covered
in Section 3. Finally, Section 4 presents the conclusions and future work.

2. Previous Space-Based Laser Communication Missions

In recent decades, a variety of space missions utilizing optical terminals have been
launched for diverse purposes. For instance, the National Aeronautics and Space Ad-
ministration (NASA) of the United States demonstrated a laser transmission link to the
Galileo probe in outer space in 1992, as a part of Galileo Optical Experiment (GOPEX).
The communication link used Earth-emitted pulses with megawatt power at a 532 nm
wavelength, captured by a camera onboard the Galileo probe around 6 million kilometers
away [30]. The first space-to-ground (i.e., GEO to the optical GNS) bi-directional laser
communications link was demonstrated by LCE aboard the Japanese Engineering Test
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Satellite-VI (ETS-VI) satellite in 1994, with a data rate of 1 Mbps, weight of 22 kg, and
power consumption of 60 W [8,9].

Similarly, another milestone in creating the world’s first inter-satellite laser communi-
cation link was developed, named the Advanced Relay and Technology Mission Satellite
(ARTEMIS) by the European Space Agency (ESA). The communication link provided
mobile services with a data transfer rate of 50 Mbps and a data relay from French Earth
Observation satellite SPOT-4, positioned in LEO, through an optical channel to the geo-
stationary ARTEMIS satellite. Then, the ARTEMIS satellite transmitted the information
between the LEO and the GND via radio waves [14,31]. Likewise, the Optical Inter-orbit
Communication Engineering Test Satellite (OICETS) demonstrated LEO to GND inter-orbit
laser communication experiments in conjunction with ESA’s ARTEMIS, known as “Ki-
rari”, and was a product of the collaborative efforts of the Japan Aerospace Exploration
Agency (JAXA) [32]. It showcased an advanced on-orbit pointing, acquisition, and tracking
methodologies. Structurally, Kirari was designed with a three-axis stabilization mechanism,
weighing ~570 kg and having a power consumption of 1200 W, which was measured at the
end of the satellite’s operational life. The optical link can achieve a downlink data rate of
50 Mbps and uplink rates of 2 Mbps at a wavelength of 800 nm. The Kirari’s orbital path is
sun-synchronous, characterized by an inclination of 97.8° that occurs due to its altitude
variations, ranging from 550 km at its operational end to 610 km at its commencement [13].
Alternatively, a HAP inter-connected with optical links was initiated by EADS Astrium
(currently known as Airbus Group) in collaboration with the French Ministry of Defense’s
arms procurement division (DGA), in which a seamless laser communication link was
established between an optical terminal on-board an aircraft flying at 9 km and the SILEX
terminal on the ARTEMIS geostationary satellite. The link characteristics are dictated by
the SILEX system, in terms of data rate, which is recorded as 50 and 2 Mbps for downlink
and uplink channel, respectively, laser wavelength of ~800 nm and OOK (On-Off Keying)
modulation [33].

The primary challenges encompassed: (i) ensuring quasi-error-free (bit error rate < 10~7)
data transmission, especially given the fast signal fading caused by laser propagation in the
atmosphere; (ii) technical demands of instruments with prad pointing requirements needed
highly stable structures; (iii) optical communications introduce further complexities, partic-
ularly in optical design and detection; (iv) robust isolation between emission and reception,
considering the significant power disparity of a factor of ~109 in laser power levels that
range from 150 mW down to 20 to 200 pW; and (v) efficient stray light protection, especially
during communication between satellites, with the Sun at angles nearing 5 degrees from
the field of view, coupled with the need for exact alignment between emission and reception
paths [20].

Furthermore, a coherent optical inter-satellite link in LEO was demonstrated in col-
laborative efforts between the German TerraSAR-X radar satellite and the U.S. Missile
Defense Agency’s NFIRE satellite [34]. The Laser-Communication-Terminal-on-TerraSAR-
X (LCTSX) was established using a space-borne Nd:YAG laser with a wavelength of 1064 nm
and two redundant 808 nm laser diode pump modules to attain higher reliability [35]. A
mass of less than 30 kg and data rate of up to 5.6 Gbps was achieved over a distance of up
to 80,000 km and a binary phase shift keying (BPSK) modulation scheme. The link pro-
vides sun exposure capability with a radiation tolerance greater than 80 Krad and a power
consumption of less than 130 W [36]. In addition, China developed another LEO-GND
communication terminal named the Haiyang-2 HY-2 satellite. The satellite was equipped
with on-orbit micro-vibration measurement unit to assist in laser beam pointing prediction
and correction. A data rate of 504 Mbps was achieved using a laser wavelength of 1.5 pm
and an Intensity Modulation/Direct Detection (IM/DD) scheme [37,38].

In addition, the Onboard Terminal of a Laser Communication System (BTLS) on the
Russian Segment demonstrated data rates of up to 1.8 Gbps between GEO-LEO and GEO-
GND [39]. In addition, the USA continued its endeavours with LLCD (NASA GSFC) in 2013,
which focused on Lunar-GND communication and demonstrated a 622 Mbps [40]. Table 2
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summarizes the collective global effort to push the boundaries of space communication
technology, each contributing unique capabilities and insights.

Table 2. Collective programs of space-based laser communication.

Ref. Year Mission Link Type Wavelength Modulation Data Rate
1994 ETS-VI (NICT, Japan) GEO-GND 0.8/0.5 um IMDD 1 Mbps
[9] 1995 GOLD (NASA JPL, USA? GEO-GND 0.8/0.5 um IMDD 1 Mbps
2000 STRV-2 (BMDO, USA)-fail LEO-GND 0.8 IMDD 1.2 Gbps
2001 GOLITE (NRO, USA) GEO-GND - - -
GEO-LEO,
[14] 2001 SILEX (ESA) GEO-GND, 0.8 um IMDD 50 Mbps
GEO-Air
(13] 2005 OICETS (JAXA/NICT) Bt 0.8 um IMDD 50 Mbps
[36] 2003 NFIRE (MDA, USA) LEO-LEO 1.06 pm BPSK 5.6 Gbps
[34,41] 2008 TerraSAR-X (DLR) LLéEg:éEN% 1.06 um BPSK 5.6 Gbps
[37,38] 2011 HY-2 (China) LEO-GND 1.5 um IMDD 504 Mbps
[39] 2011 BTLS (Russia) LEO-GND 1.55/0.85 um IMDD 125 Mbps
[40] 2013 LLCD (NASA GSFC) Lunar-GND 1.5 um PPM 622 Mbps
[42] 2013 EDRS/Copernics (ESA) oy 1.06 um BPSK 1.8 Gbps
[43,44] 2014 SOCRATES/SOTA (NICT) LEO-GND 0.98/1.5 pm IMDD 10 Mbps
[45] 2014 OPALS (NASA JPL) LEO-GND 1.5 pm IMDD 30-50 Mbps
[46] 2015 OCSD-A (Aero. Corp., USA)-fail LEO-GND 1.5 pm IMDD 5-50 Mbps
[47] 2016 OSIRISv1-2 (DLR) LEO-GND 1.5 pm IMDD 20-100 Mbps
2016 CAS SIOM (China) LEO-GND 1.5 pm DPSK 5.12 Gbps
[48] 2017 Micius (China) LEO-GND 0.85/0.532/0.671 um - -
2018  OCSD-B/ AeroCube-7B (Aero. Corp.) LEO-GND 1.064 pm IMDD 50/100 Mbps
[49] 2019 Starlink /Space-X (USA) - - - 1 Gbps
[50] 2019 RISESAT/VSOTA (NICT) LEO-GND 0.98/1.5 um IMDD ~1 kbps
[51] 2019 SOLISS (Sony) LEO-GND 1.5 pm IMDD 100 Mbps
[52] 2019 EDRS-C (ESA) GEO-LEO 1.06 pm BPSK ~1.8 Gbps
[53] 2019 OPS-SAT (TU Graz) LEO-GND - PPM 2 kbps (uplink)
[13] 2020 JDRS (JAXA) GEO-GND 15 um DPSK 1.8 Gbps
[54] 2020 ALOS-3 JAXA) GEO-LEO 15 um DPSK 1.8 Gbps
[47] 2020 OSIRIS v3, v4 (DLR) LEO-GND 1.5 pm IMDD 10 Gbps
[55] 2021 ALOS-4 JAXA) GEO-LEO 1.5 um DPSK 1.8 Gbps
[56] 2021 LCRD (NASA GSFC, USA) ggg_'éEN%’ 1.5 pm DPSK/PPM 2.8 Gbps /622 Mbps
[57] 2021 DSOC (NASA JPL, USA) Deep space-GND - PPM 264 Mbps
[58] 2022 ETS-9/HICALI (NICT) - 1.5 um DPSK 10 Gbps
2022 LEMNOS (NASA GSEC) Lunar-GND - PPM 311 Mbps

3. CubeSats and Inter-Satellite Links (ISLs)
While ISLs play a crucial role in satellite communication, enabling direct and efficient

data exchange in space, their deployment in LEO constellations is less common compared
to LEO-GND or GEO-LEO links, as shown in Figure 2 and Table 2. This scarcity is primarily
due to the technical and operational challenges associated with implementing ISLs in LEO
satellites, which are often smaller and have limited resources compared to satellites in other
orbital regimes [59].

The advent of the miniature satellites with a standardized dimension, known as Cube-
sat’s, have paved the way for the space-based laser communication system (lasercom) to
be deployed for ISLs [60]. Compared to their larger, traditionally designed counterparts,
Cubesat’s offer significant advantages in cost, development time, and launch opportunities.
Their compact size and modular design enable faster development cycles and lower pro-
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duction costs, making them particularly suitable for technology demonstration, scientific
discovery, and educational purposes. Additionally, their compatibility with secondary
launch opportunities allows for more frequent access to space, further accelerating the
pace of exploration and innovation. However, CubeSat’s are currently limited by their size
and weight constraints, impacting their power generation, processing capabilities, and
payload capacity. Thus, this has imposed a strict requirement in terms of the size, weight,
and power (SWaP) when it comes to design of laser communication systems for space.
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Figure 2. Distribution of link types in satellite communication systems by country.

3.1. Lasercom Terminals Payload Capacity

The analysis of commercially available and custom-designed laser communication
(lasercom) systems suitable for CubeSats reveals a diverse landscape of technological
capabilities, catering to the increasing demand for global satellite constellations. This
paper surveyed leading corporations and research institutions involved in the development
and deployment of CubeSat-compatible lasercom terminals, presenting a comprehensive
overview of their characteristics and parameters.

In Table 3, a variety of commercial lasercom terminals from notable entities, such
as TESAT, Mynaric, Thales Alenia Space, and Hyperion Technology, among others, are
listed. These terminals exhibit a wide range of features including data rates, link types,
size, power consumption, and release times. For instance, TESAT’s TOSIRIS offers data
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rates ranging from 1.25 to 10 Gbps with a compact volume of 28.0 x 20.0 x 15.0 cm® and a
power consumption of 40 W. Similarly, Mynaric’'s CONDOR Mk2 and Mk3 support data
rates from 0.1 to 1.25 Gbps and 0.1 to 10 Gbps, respectively, showcasing the flexibility in
bandwidth options.

Table 3. Commercial lasercoms terminals suitable for CubeSat or MicroSats.

Data Rate Power

. . 3
Corporation Name (D:Down; U:Up) Link Type Volume (cm?) Consumption (W) Mass (kg)  Release (Year)
TOSIRIS D:1.25-10 Gbps, LEO-GND 20.0 x 20.0 x 15.0 10 8 2019
U: 1 Mbps
GEO-GEO, <35.0 x 35.0 x
SmartLCT 1.8 Gbps GEO-LEO 200 150 30 2020
D: 100 Mbps, U:
TESAT [12] CubeLCT 1 Mbps LEO-GND 9.0 x9.5x35 10 0.397 2021
SCOT80 10 Gbps LEO-LEO 2U 60-86 15 2023
OU:50.0 x 18.0 x
ConLCT 10 Gbps GEO-LEO 26.0, EU:26.0 x 80 15 2021
11.0 x 17.5
LCT-135 1.8 Gbps GEO-LEO 60.0 x 60.0 x 70.0 150 53 -
OU:57.3 x 27.1 x
CONDOR Mk2 0.1-1.25 Gbps GEO-LEO 23.0, EU:34.0 x - - 2014
Mynaric 259 x 16.3
¥ OU:35.1 x 211 x
CONDOR Mk3 0.1-2.5 Gbps GEO-LEO 17.0, EU:16.1 x - - 2017
33.6x 25.5
Thales OPTEL-u 2 Gbps LEO-GND 8 U 43 8 2015
Alenia Space
MOSTCOM SOT-90 10 Gbps GEO-LEO 45.0 x 30.0 x 38.0 60 16 2020
SOT-150 1.25 Gbps GEO-GND 60.0 x 40.0 x 48.0 100 50 2020
SOTA [62] 1 Mbps-10 Mbps LEO-GND 11.7 x 17.7 x 27.8 40 59 2014
All:29.5 x 35.6 x
SOLISS [63] 80 Mbps LEO-GND 43.6,0U:9.0 x 10.0 36 12 2019
NICT [61] x 18.0
VSOTA 1 kbps-1 Mbps LEO-GND - 4.33 <1 2018
HICALI 10 Gbps GEO-GND - 340 6 2021
CubeSOTA [64] 10 Gbps GEO-LEO 30 - <14 2024
D:100 M/300M/1 G-
Hyperion Tech. CubeCat bps, LEO-GND 10U 15 1.33 2022
U:200 kbps
& TNO [65]
Aerospace AeroCube-7a - LEO-GEO - - - 2015
Corporation [46] AeroCube-7b/7¢ 100 Mbps - 150 - 3 2018
GEO-GND,
Astrogate Labs ASTRO-LINK 1 Gbps LEO-CGND 10U - 3 2022
HENSOLDT Lasercom U: 1.8 Gbps Air-GEO - - 20-100 2015
CACI CrossBeam-ST0 1.25 Gbps LEO-LEO - 50 10 2021
CrossBeam-ST1 2.5 Gbps LEO-LEO - 75 10 2021
SONY [63] SOLISS 80 Mbps - - - 1.2 2019

Moreover, Table 4 presents customized (R&D) lasercom systems developed for CubeSats
by research and development institutions like TESAT, NEC/JAXA, NASA /MIT /University
of Florida, and DLR/University of Stuttgart. These systems offer unique transmission
rates and link types tailored to specific mission requirements. For instance, TESAT’s
EDRS-A LCT provides a transmission rate of 1.8 Gbps for GEO-GND links, whereas
NASA /MIT /University of Florida’s CLICK-A focuses on LEO-LEO communication at a
modest 10 Mbps.

The significant progress and innovation in CubeSat laser communication technology
has offered a spectrum of solutions, encompassing varying data rates, link types, and
spectral wavelengths. These advancements not only meet the increasing demand for
global satellite constellations but also drive the miniaturization and efficiency enhance-
ment of CubeSat payloads, ushering in a new era of space-based communication and
exploration. However, despite these technological advancements, significant challenges
remain. The earlier generation of terminals accentuates the pressing need for continued
efforts towards miniaturization and decreased power consumption. Furthermore, factors
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including reliability, security, and the impact of atmospheric conditions necessitate careful
consideration to ensure the dependable operation of laser communication systems within

LEO constellations.

Table 4. R&D customized lasercom systems developed for CubeSats.

Data Rate Power
Corporation Name (D:Down; Link Type Volume (cm?) Consumption Mass (kg)  Release (Year)
U:Up) W)
NEC/JAXA LUCAS 1.8 Gbps LEO-GEO, LEO-LEO - - - 2020
NASA, MIT, CLICK-A 10 Mbps LEO-LEO 12U - 1.2 2018
Uni. of Florida  TBIRD [66] D:200 Gbps, LEO-GND 18U - 2.25 2022
U:5 kbps
[67]
DLR OSIRISvV1 200 Mbps LEO-GND - 26 1.3 2017
Uni. of OSIRISv2 [68] 1 Gbps LEO-GND - 37 1.65 2016
Stuttgart OSIRISv3 10 Gbps LEO-GND - 150 9 2021
OSIRIS 4 100 Mbps LEO-GND 03U 10 0.39 2021
PIXL-1 [69]
ESA (ARTES) OCT - LEO-LEO - - - 2023
Spire

In conclusion, the evaluation of laser communication terminals presents a promis-
ing trajectory for their integration within LEO constellations. The escalating data rates,
optimization of SWaP, diverse link options, and the advancing maturity of technology
collectively position laser communication as a viable solution for future high-performance
satellite networks.

3.2. LEO Exploration

Historically, LEO constellations have not utilized frequent LEO-to-LEO laser com-
munication links due to the combined effect of several factors. LEO satellites, with their
lower altitudes and higher orbital velocities (7-11 km/s) compared to MEO or GEO satel-
lites, experience shorter communication windows and require more frequent handovers
between satellites to maintain a connection. This handover process introduces complex-
ity and increases the risk of disruption [70]. Additionally, atmospheric drag necessitates
frequent orbital corrections for LEO satellites, further complicating link maintenance [71].
Finally, achieving comprehensive global coverage with LEO constellations demands a large
number of satellites, and the challenge of maintaining continuous links between these
rapidly moving spacecraft has historically favored communication link implementation in
MEO and GEO constellations with fewer and slower-moving satellites [72].

3.3. Future Constellations

In Table 5, a list of known planned mega-constellations of small satellites that indicate
an ambition to incorporate optical communication links in LEO (i.e., catering for LEO-LEO
or LEO-ground or both), are presented (NB This list may not be complete and subject to
modification). The emergence of low-cost, fast turnaround launch capability to LEO is
heralding a significant growth in the development of optical communication terminals for
small satellites such as CubeSats and nanosats. The mass, power, and volume envelope
restrictions now force manufacturers of optical communications terminals to adapt their
payloads, applying novel approaches to optical design, while maintaining competitive data
rates that greatly outstrip RF communications systems.
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Table 5. (Known) planned future constellations of small satellites in mesh networks.

Company Origin Constellation Type Objective Achievements
Plans to launch 3236 LEO
satellites as part of the
Amazon (Kuiper Systems) USA LEO Proviclles brqadband internet Kuiper Systems project.
services with low latency Intends to employ laser
communication technology
for enhanced connectivity.
Filed an application for
E-band frequency usage with
Conducts a satellite ?gﬂﬁiﬁgiﬁgﬁg@; 2;?2522
Facebook (Athena) USA E-Band (71-86 GHz) = communication experiment deliver data 10 fast
focused on high-speed data. to deliver data , 1mes faster
than Space-X's Starlink
internet satellites using laser
communications.
Collaborated with Australian
telescommunications
Create sa 12-MEO satellite corlrllpany ?lp tus to dp repare
Laser Light Communications USA MEO constellation with high sa;g ites an g;lo u}r: s;a’f;o?s.
capacity and data rates. tms to establish a goba
network connecting
terrestrial fiber systems with
satellite systems.
Laser Communication
Terminals for use in the ISS
and Orion manned space
ILLUMA-T USA LEO vehicle utilizing the LCRD )
data relay with a data rate of
1.2 Gbps
Plans to distribute 50 optical
ground stations with
software-defined modems
worldwide to provide laser
BridgeCom (formerly Create a 1.0-Gst LEO ' communication services,
BridgeSat) USA LEO constellation with laser including support for small
ridgeSa . . .
communication services. satellites and unmanned
aerial vehicles. Also invested
in governmental and 5G
network communication
needs.
Build a 288-satellite LEO Will utilize laser
Kaskilo (KLEO Connect German LEO constellation primarily for communication for
GmbH) y IoT services under inter-satellite links to support
Germany’s Industry 4.0. IoT connectivity.
Plans to use low satellite
altitudes of 300 km for
ultra-reliable, low-latency
Construct a 10,000-satellite communications, covering
Huawei (Massive VLEO) China LEO LEO constellation (Massive massive machine-type

VLEO) for beyond-5G.

communications. Broadband
communication will be

achieved using terahertz and
laser communications.
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Table 5. Cont.

Company Origin  Constellation Type Objective Achievements
Planning to offer space laser
Transcelestial Technologies China Various Provide sp .ace‘laser comrpunication services
communication. using CubeSats and
micro-satellites.
Intending to provide space
. . . Provide space laser laser communication services
Golbriak Space Estonia Various communication. with CubeSats and
micro-satellites.
Starlink/Space-X [49] USA LEO - -
Hybrid RF-laser to relay data
Analytical Space Fast Pixel Six CubeSats, a constellation for satellite operators and
Network USA LEO of 36 satellites across three customers based on the
orbital planes technologies capability for
data increases through RFE.
It supports link distances
greater than 10,000 km with a
flexible data rate coverage of
up to 100 Gbps, fast
acquisition time, configurable
. " Laser Ethernet Terminals
Optical Communication .
. (LETs), and seamless link
Terminal is capable of confieuration and
CONDOR Mk3 Optical German ) high-performance, intero Erabili ACTOSS
Communication Terminal Y high-bandwidth, and secure P ty 1
and reliable satellite vanous opt1ca.
communications. communication terminals. It
has a highly modularized
design, and an option for
Dual or Quad configuration
for reduced power
consumption and reduced
mass.
Telesat’s Lightspeed USA LEO +300 satellites

3.4. Future OISL Payloads

In Table 6, a list of known planned payloads for small satellites that indicate an am-
bition to provide optical communication links in LEO, are presented (INB: this list may
not be complete and subject to modification). The next generation of optical communi-
cation terminals that will emerge over the next few years will push the limits of optical
communications technology, not only to lower mass, power, and volume requirements, but
also to more adaptable designs that allow for scalability at cost and can address the most
challenging problem for LEO-to-LEO communications, which is PAT (Pointing, Acquisition,
and Tracking). Table 6 is ordered in terms of mass from high to low. As can be shown, one
of the most competitive products to emerge over the next few years is the FOCUS (Free
Space Optical Communications Unit for Satellites) terminal being built by Northumbria
University (UK) and partners and funded by the UK Space Agency. The FOCUS terminal
is the most competitive because it will adequately address the growing requirement for
lower mass, lower power consumption, and smaller volume envelope, while still achieving
greater than 1 Gbps data transfer rates for LEO-to-LEO communications. It is only one of
two (together with the Spire OCT) that is UK sourced that will address the LEO-to-LEO
challenges that are agency funded (rather than commercially funded).
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Table 6. Planned future payloads that provide laser communications capability in LEO, ordered by
mass (kg) from high to low.

Max. Data Link Power Release
Corporation Payload Name Rate ( Gbps) Tvpe Volume (cm®)  Consumption  Mass (kg)  (O:Operational,
P M W) D:Development)

TESAT LCT 135 1.8 GEO 252,000 ~150 ~53 (€]
Mynaric CONDOR Mk3 25 LEO 32,422.5 - - (@]
TESAT SCOT-80 10 LEO 54,109 60-86 ~12.5 (@]
OneWeb [73] Gen 2 Terminal 20 LEO 3750 70 25 D
UKSA, Northumbria Uni. FOCUS >1 LEO 3U 40 3.6 D
NASA, MIT, Uni. of Florida CLICK B/C >0.02 LEO 13U - - D
TESAT [12] SCOT20 2.5,0.1 LEO 1135 (1U) <35 <1.6 D

3.5. Autonomous Laser Inter-Satellite Gigabit Network (ALIGN) and the FOCUS (Free-Space
Optical Communications Unit for Satellites) Solution for LEO-to-LEO Platforms

The ALIGN mission is designed to carry out an in-orbit demonstration of a novel
laser communication system in LEO using two 6U CubeSats. We refer to the lasercom
system herein as the Free-space Optical Communications Unit for Satellites (FOCUS) as
the primary payload for each CubeSat. The aim of the mission is to establish Gbps full-
duplex communication links autonomously, with a ranging capability of up to 1000 km
and with SWaP requirements that are suitable for small- to nano-satellites in data-intensive
constellations in LEO. The novel aspect of the FOCUS design includes (i) incorporation
of a PAT approach that adheres to the Space Development Agency (SDA) standards; (ii) a
powerful System-on-chip (SoC) communication device control board; and (iii) compact
telescope integration. The proposed system offers efficient scalability, allowing for potential
applications involving LEO-LEO, LEO-GEO, and LEO-ground resilient communications
capable of networking mega-constellations.

Figure 3 represents the CAD design of FOCUS payload. The payload contains three
main sections: (i) the top section contains the transmitter and receiver telescopes supported
by a chassis (red structure); (ii) the middle section contains the amplifiers of the laser and
the controller for the fast-steering mirror, held together by a cradle (grey structure); and
(iii) the bottom section is where the Optical Interface Assembly (OIA) PCB stack is located.
The primary function of this section is to manage the payload electronics, which include
important components such as power management modules, data processing boards,
and control electronics. The stack also controls the telescope actuation in addition to
driving the high-speed communications. The actuators provides line-of-sight stabilization,
micro-scanning, tracking, and fine pointing, essential for the PAT process.

3.5.1. Key Operational Features of ALIGN

Figure 4 depicts the concept of operation for the link acquisition process of ALIGN
in LEO. The PAT process is highly challenging when considering two moving satellites
with the relatively large uncertainties in real time, which progressively worsen due to
minor variations in atmospheric drag. The uncertainties are represented by yellow circles
along the orbital path (black dash line) with respect to transmitter Tx and receiver Rx
satellite. As shown in Figure 4, the transmitter satellite must spiral the laser beam to
search for the receiver and at the same time the receiver must be correctly orientated such
that the transmitter is within the field of view (FoV) of the receiver’s detector (green and
blue cones).
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Figure 3. Current design of FOCUS.
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Figure 4. Mission concept in space, showing positional uncertainties (yellow circles) along the dashed
path, with Tx and Rx alignment in green and blue cones.

The PAT system of ALIGN adopt spiral scans to ensure optimal coverage of search
areas, which reduces the link acquisition time. Attitude Determination and Control System
(ADCS) errors, which can cause pointing inaccuracies due to satellite movement, are
mitigated by the system’s adaptability, improving PAT precision. This adaptability is
crucial for maintaining stable links between fast-moving satellites, even in environments
with fluctuating signal-to-noise ratios or external interferences.

3.5.2. Link Budget

Table 7 presents a performance comparison between the proposed FOCUS link budget
and other laser communication systems used on application scenarios [13,74]. The results
indicate that FOCUS is comparable in terms of size, mass, data rates, pointing accuracy,
and optical power requirements. Also, the FOCUS link-budget analysis confirms that
by adjusting two fundamental parameters, i.e., the beam divergence and the transmit
power, the same terminal design could also be adapted to serve a variety of communication
scenarios, as also demonstrated by the different models of [13]. The market trend for next-
generation laser communication terminals shows a shift toward smaller with extended
link acquisition capabilities. However, the key factor for any commercially viable product
will be its adaptability to various communication scenarios. The primary distinction

285



Aerospace 2024, 11, 907

between FOCUS and the other models discussed is that FOCUS is specifically designed for
inter-satellite communication, which involves a significantly more complex PAT process.
FOCUS’s ability to autonomously establish a link between two fast-moving satellites is a
groundbreaking technological advancement, critical for large satellite constellations that
support high-speed global communication networks.

Table 7. Link budgets of the application scenarios.

Parameter HAPS — OGS LEO — GEO LEO — OGS Drone — OGS LEO — LEO
Referenced in [13] ALIGN
Tx Power (W) 3 2 2 0.1 0.75
Transm. aperture (cm) 9 9 9 3 1.5
Pointing accuracy (urad) 5 5 5 5 5
Beam divergence (urad) 200 30 30 500 150
Distance (km) 100 37,000 1200 10 900
Footprint (m) 20 1110 36 5 112.5
Atmospheric attenuation (dB) 6 - 6 6 -
Pointing loss (dB) 1 2.2 2.2 1 <1
Tx loss (dB) 3 3 3 3 1.690
Rx aperture (cm) 9 15 30 9 9.57
Rx loss (dB) 10 6 12 10 1.690
Rx power (dBm) —32 —55.6 —31.8 —34.9 —35.895
Bit rate (Gbps) 10 0.1 10 10 1.25
Required power (dBm) —38.9 —58.9 —38.9 —38.9 —35.895
Margin (dB) 6.8 3.3 7.1 4 -

4. Conclusions

Space-based FSO systems have emerged as a viable solution for high-speed, long-
distance, and secure communication compared to traditional RF communication systems
used on satellites. While longer-distance links such as GEO-GND and GEO-to-LEO have
been preferred in previous missions due to their less demanding pointing requirements,
the deployment of FSO-based LEO-to-LEO communication systems is gaining traction.
These systems offer reduced signal latency thanks to their proximity to Earth compared
to GEO satellites. Hence, they provide high-speed, secure, and reliable data transmission,
addressing the limitations of current communication technologies and meeting the future
demands of global connectivity and space exploration.

This paper summarized the global effort in terms of current and future missions
and payloads associated with FSO links deployed in space from commercial and non-
commercial perspectives. In addition, a comparative analysis in terms of latency reliability,
data rate, and power consumption was introduced. The work emphasized on the develop-
ment of compact and power-efficient laser communication terminals that are suitable for
small satellite platforms and CubeSats and demonstrates how the emerging trend towards
mega-constellations of small, interacting satellites, a topic that has not been extensively
covered in earlier surveys.

As part of the discussion on the growing interest in future LEO missions, we provided
a brief overview of our ALIGN planned mission, along with a brief overview on the main
key operational features in terms of PAT and link budget analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

FSO Free-Space Optical

GEO Geostationary orbit

GOPEX Galileo Optical Experiment

HAP High Altitude Platform

IMDD Intensity Modulation with Direct Detection

JAXA Japan Aerospace Exploration Agency

LCE Laser Communication Equipment

LEO Low Earth Orbit

LUCE Laser Utilizing Communication Equipment

MEO Medium Earth Orbit

NASA National Aeronautics and Space Administration
NFIRE U.S. Missile Defense Agency satellite

OCSD Optical Communications and Sensor Demonstration
OGS Optical Ground Station

OICETS Optical Inter-orbit Communication Engineering Test Satellite
OOK On-Off Keying

OPALS Optical Payload for Lasercomm Science

OIA optical interface assembly

PAT Pointing Acquisition and Tracking

PCB Printed Circuit Board

PSD Position-sensitive detector

SDA Space Development Agency

SILEX Semiconductor-laser Intersatellite Link Experiment
SoC System-on-chip

SOTA Small Optical Transponder

SSM Slow Steering Mirror

STROPEX  Stratospheric Optical Payload Experiment

SWaP Size, Weight, and Power
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