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 A B S T R A C T

To date, many exoplanets have been discovered which exhibit distinct characteristics not observed within 
our own Solar System, raising numerous unresolved questions regarding their compositions, atmospheres, 
formation processes, and evolutionary pathways.

Several missions have been dedicated to enhance the understanding of the exoplanets like James Webb and 
Hubble Space Telescopes. However, they have a limited spectral range and resolution to allow for a complete 
characterisation of atmospheric dynamics. The Aetheras mission proposal was developed at the Summer School 
Alpbach 2023 and presents a satellite mission to overcome these limitations to better understand the formation, 
evolution and characteristics of exoplanets. This mission aims to unravel key enigmas in contemporary 
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exoplanetary research by investigating atmospheric escape mechanisms and measuring proxies of magnetic 
fields’ influence on atmospheric loss. Focusing on objects in the Radius Valley and the Hot Neptune desert, 
the mission seeks to discover their origins.

By defining mission needs and designing a potential instrument based on derived requirements, a space 
mission architecture is envisioned to fulfil the proposed mission objectives. A spacecraft design has been made 
with top down systems engineering approach.

Employing transit spectroscopy in the near-infrared range (1070 nm to 1090 nm) and ultraviolet range 
(115 nm to 285 nm) outside the geocoronal influence, the mission gains valuable insights to planetary formation 
and evolution. The mission architecture comprises a 1302 kg spacecraft equipped with a 1.5m main mirror to 
observe the sky over a mission lifetime of three years.
1. Introduction

As of April 2024, the ever expanding exoplanetary catalogue com-
prises over 5000 confirmed celestial bodies, each distinguished by 
a distinctive array of characteristics. These properties may include 
radius, mass, core composition, atmospheric makeup (if applicable), 
proximity to the host star, and orbital period, as documented by the 
Exoplanet Archive [1]. This vast and diverse collection underscores 
the complexity of exoplanetary systems and raises questions about the 
formation and evolution of planetary systems. The underlying patterns 
and mechanisms governing these distant worlds are still not fully 
understood, raising the need for further exploration and investigation.

The number of detected exoplanets is already high enough to allow 
for statistically significant demographic analysis. Notably, with respect 
to planetary mass, orbital period, and radius, four distinct categories 
emerge as illustrated in Fig.  1:

• Brown Dwarfs: Brown Dwarfs are astrophysical bodies mas-
sive enough to fuse deuterium but not enough to fuse hydrogen 
(approximately 10 < M < 80 Jupiter masses) [2],

• Hot Jupiters: Gas giant exoplanets with an orbital period of 
less than 10 days and located closer than 0.1AU from their host 
star [2],

• Sub-Neptunes: Planets with a smaller radius than Neptune but 
near 2.0RE (Earth radii) [3],

• Super-Earths: Planets with a larger radius than Earth, yet lighter 
than ice giants [3].

Hot Jupiters and Brown Dwarfs possess magnetic fields. One expla-
nation of the origin of these magnetic fields is their fast rotation period, 
but this phenomenon is not yet fully characterised [4–6]. Besides, 
observations support the theory that atmospheric escape is taking place 
on Brown Dwarfs [7–9]. However, it is still debatable whether an 
intrinsic magnetic field enhances or prevents atmospheric escape [10]. 
Even though studies have already been conducted to understand the 
atmospheric properties of these distant objects, better quality data 
would enable statistically significant analysis [11,12].

Additionally, one can note the scarcity of the Brown Dwarf compan-
ions in close orbits around solar-type stars. The Brown Dwarf desert 
describes the phenomenon that more brown dwarfs have been found 
freely floating than bound to a system [13,14]. The current hypothesis 
includes Brown Dwarfs merging with their host stars or interacting with 
other companions during the evolution of the protoplanetary disk, or 
Brown Dwarfs forming at larger distances [15–18].

Another conspicuous void is evident in the planetary count within 
the region indicated in green in Fig.  1. Referred to as the ‘‘Hot Neptune 
desert’’, this region is characterised by a scarcity of Neptune-sized 
planets orbiting in close proximity to their host stars [19]. The notable 
absence in this less densely populated zone cannot be attributed to 
any discernible observational bias, thereby implying the influence of 
underlying processes [20]. Close-in gaseous planets are believed to 
lose their atmospheres due to intense stellar irradiation, which may 
explain the scarcity of hot Neptunes. This atmospheric loss could 
result from hydrodynamic escape, with some planets being completely 
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stripped or retaining their envelopes depending on their initial mass, 
and may also suggest different formation and evolution mechanisms or 
high-eccentricity migration [19,21].

Comparably to the Hot Neptune desert, a distinct gap is discernible 
in the number of planets per star, specifically within the radius range 
of 1.5RE to 2.0RE, as illustrated in Fig.  2. This phenomenon is known 
as the ‘‘Radius Valley’’.

The causes of the Radius Valley and the Hot Neptune Desert are 
still actively debated. One hypothesis claims that the Radius Valley 
represents an unstable region where planets transition towards a sta-
ble radius. This transformative process is believed to be initiated by 
mechanisms such as atmospheric escape, including phenomena like 
photoevaporation [23]. This process, in which high energy radiation 
removes the exoplanetary atmosphere, could lead to envelope-powered 
mass loss by disabling the atmosphere of the exoplanet from retaining 
core heat [21,24]. While these processes are key contenders, alternative 
hypotheses are proposed, encompassing various factors [25,26]. For 
example, a recent theory is the water-rich Sub-Neptune hypothesis [24,
27–29]. This hypothesis originates from identifying wide variance in 
densities within the known radius valley exoplanets that cannot be ac-
counted for assuming only rock or gas densities. Instead, it is theorised 
that these planets may have large quantities of water present in various 
forms from thick ice layers to supercritical vapour [30–34].

Numerous planetary features potentially influence the radius transi-
tion. The presence or absence of an intrinsic magnetic field is one of the 
noteworthy candidates [35]. Despite the ongoing challenge of unam-
biguously detecting exoplanetary magnetospheres due to, for example, 
weak radio signals and as magnetic fields are usually measured in situ, 
the topic is being actively explored [36–39]. Recent developments [35] 
challenge the conventional hypotheses that a planetary magnetic field 
solely aids in retaining atmospheres by deflecting ionising stellar wind, 
but can rather have additional influence on the atmosphere and the 
planet’s surface temperature [40–42]. On the other hand, the pres-
ence of a magnetic field has been claimed to amplify the interaction 
area with the solar wind, resulting in stronger magnetic reconnection 
events and subsequent enhancement of ion up flow and cold plasma 
outflow [43]. These factors show the complexity of planetary evolution 
and atmospheric dynamics.

The Aetheras mission concept, as outlined in this paper, was started 
at the Summer School Alpbach 2023 and analyses the requirements for 
enhancing our understanding of exoplanets in the Radius Valley and the 
Hot Neptune desert. The proposed mission design involves a spacecraft 
at the Earth–Sun system’s L2 point, utilising spectroscopy to investigate 
the atmospheric tails of exoplanets.

2. Science questions and objectives

The overarching scientific theme of Aetheras is:
Deepening our understanding of planetary system formation and evo-
lution through the study of atmospheric escape.

In alignment with this mission statement, Aetheras seeks to address 
the following scientific objectives:
SO1. Are there correlations between the characteristics of exoplanets, 
the properties of their host stars, and the occurrence of atmospheric 
escape?
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Fig. 1. Distribution of discovered exoplanets according to their orbital period and mass. The red ellipse (1) and yellow ellipse (2) mark the regions of Brown 
Dwarfs and Hot Jupiters respectively. The green circle (3) indicates the Hot Neptune dessert. The blue ellipse (4) on the bottom represents the area of Super-Earths 
and Sub-Neptunes. The image was generated by the NASA Exoplanet Archive [1].
Fig. 2. Number of planets per star according to their orbital period. Highlighted in green (left) and blue (right) are the distributions of Super-Earths and 
Sub-Neptunes respectively. In between lies the so-called Radius Valley.
Source: Adapted from Fulton et al. [22]. ©AAS. Reproduced with permission.
SO2. Is atmospheric escape a factor in creating the observed Radius 
Valley in exoplanetary systems?
SO3. Is atmospheric escape a factor in creating the Hot Neptune Desert, 
a phenomenon observed in certain regions of the mass-orbital period 
space?
SO4. How does the magnetic field of exoplanets influence atmospheric 
escape, and does the presence or absence of a magnetic field affect the 
rate and nature of atmospheric loss?

3. Detection methods

To answer these questions, the mission will characterise the atmo-
spheric escape processes and the magnetic fields of transiting exoplan-
ets. Currently, only indirect methods are available to observe these 
phenomena.
302 
3.1. Atmospheric escape detection

Atmospheric escape can be studied through transmission spec-
troscopy conducted during the transit of a planet. A planetary exo-
sphere escaping from the planet has the potential to extend over several 
planetary radii, manifesting as a comet-like tail. Three-dimensional 
simulations as seen in Ehrenreich et al. [44] or Khodachenko et al. 
[45] illustrate such a tail coplanar with the line of sight. It releases 
hydrogen atoms isotropically from the Roche lobe limit of an exoplanet, 
to create a tail. The presence of the tail influences the absorption of 
starlight during the planetary transit, which can be seen in light curve 
spectroscopy [46]. This in-transit excess absorption caused by the tail 
can indicate an escaping exosphere [47].

Typically, the transit depth exhibits variations ranging from less 
than 1% up to 56% in specific absorption lines for a Neptune-mass 
planet [44], signifying the presence of an outflow. The transit duration 
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can give a direct measurement of exoplanets’ atmospheric outflow 
velocity [48].

The primary indicators of atmospheric escape are observed in dis-
tinct spectral lines, notably the hydrogen Ly-𝛼 line (121.6 nm), the 
He I triplet metastable state transition line (1083 nm), and heavier 
species such as C II (133.45 nm). Hydrodynamic mechanisms describe 
the atmospheric escape of these species within the exospheres [49].

Observations of the Ly-𝛼 involve time-series observations of the Ly-𝛼
line of the host star before, during, and after the planetary transit, 
as illustrated in Fig.  1 in Ehrenreich et al. [44]. However, due to 
significant absorption by the interstellar medium (ISM), the Ly-𝛼 line 
is most effectively studied by observing its wings, where the flux is less 
attenuated [50]. Due to the high systemic velocities of some targets, the 
core of the Ly-𝛼 line may be shifted and hence not entirely absorbed by 
the ISM. However, given the low resolution of the instrument, the line 
will appear as a broad feature rather than being fully resolved (e.g., see 
Fig.  3(b)). As a result, Aetheras is still sensitive to flux variations over 
large spectral bins, and it is able to detect Ly-𝛼 changes independently 
of Doppler shifts or ISM absorption.

Interactions with the exosphere, particularly with the tail, often 
result in asymmetries compared to a traditional transit light curve at 
longer wavelengths.

A characteristic exospheric signal includes a decrease in flux within 
the stellar Ly-𝛼 line during a planetary transit, often accompanied by 
an extended egress and pre-transit absorption. This flux reduction is 
particularly prominent in the blue-shifted wing due to the outflow 
direction, as described in Ehrenreich et al. [44]. A key advantage of 
low-resolution spectrographs mounted on space-borne facilities is their 
larger wavelength bins, which collect more flux per bin, significantly 
increasing the SNR compared to high-resolution spectrographs on the 
ground. Such characteristic allows for a clearer detection of Ly-𝛼 vari-
ations between before, during, and after transit phases. This enables a 
synergy between high-resolution ground-based observatories and low-
resolution space borne telescopes, where the former provides detailed 
kinematic and compositional insights, while the latter offers robust 
detection of broad spectral variations.

Similar to the Ly-𝛼 line, the He I triplet can be used to estimate 
atmospheric escape rates and to study planetary outflows [51]. By 
observing the He I line spectrum during the transit, one can witness 
changes in absorption attributed to the excess absorption caused by he-
lium atoms escaping the planetary atmosphere, akin to the observations 
made for Ly-𝛼 (refer to Fig. 3 in Zhang et al. [23]).

The information derived from the He I line complements that ob-
tained from the extended wings of the Ly-𝛼 line, as the absorption 
process occurs in different sections of the atmospheric tail. Therefore, 
one can probe a different region of the outflow and simultaneous He 
I line observations aid in constraining theoretical models of escaping 
exoplanet atmospheres [51]. However, the He I triplet absorption is 
highly dependent on the stellar Extreme Ultra-Violet (XUV) flux, a 
parameter largely unknown for most observed stars due to the scarcity 
of observations in this wavelength range. Additionally, there is a strong 
degeneracy between stellar XUV flux and the He/H number density 
ratio in the planet’s atmosphere. Potential detections of the He I triplet, 
combined with simultaneous observations of Ly-𝛼 or H𝛼, can provide a 
more precise estimate of the stellar XUV flux and the He/H abundance 
in the planetary atmosphere when compared with simulations. Using 
the ATmospheric EScape code (ATES) [52] and the Transmission Prob-
ability Module (TPM) [53], it is possible to self-consistently model both 
a planet’s mass-loss rate and the absorption profiles of Ly-𝛼, H𝛼, and 
He I triplet. Space-based observations, free from telluric contamination, 
combined with theoretical modelling, will enable tighter constraints on 
the stellar XUV flux and the planetary He/H ratio. ATES and TPM codes 
are used to simulate the exoplanet HAT-P-32b, a well-known target, and 
despite the reduction of the line depth, it is possible to detect these lines 
even at low resolution. The simulated observations are seen in Fig.  3(a).
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The transit spectroscopy technique employed in Ly-𝛼 and He I stud-
ies can be extended to metals, offering the advantage of significantly 
reduced or absent interstellar medium (ISM) absorption [49].

These include 𝑁 I at 119.9 nm, Si I at 124 nm, H2O at 128 nm, O I 
at 130.4 nm, C II at 133.4 nm, Si III at 150 nm, C III at 155 nm, Al I at 
169 nm, and Na II at 280.9 nm. These metal lines are notably weaker 
and narrower compared to Ly-𝛼, posing limitations on the precision 
with which transit depths and outflow velocities can be measured. Due 
to these constraints, the focus of extensive research has been on the 
most intense line of C II (133.4 nm). The advantage of exploring various 
spectral lines, ranging from light elements such as H and He I to heavier 
metals like C II, lies in the enhanced understanding of atmospheric 
escaping processes in addition to the resilience against effects like the 
interstellar medium. Additionally, one can extract information about 
the host star and the atmospheric composition. Some of these lines, 
such as the He I and the H𝛼, have also been observed with ground-
based telescopes together with spectrographs (e.g. [54–56]) and also 
used to investigate atmospheric escape, for example by Paragas et al. 
[57] utilising a telescope of the Palomar Observatory. However, a major 
advantage of using space-borne instruments to observe these lines is 
the ability to target much fainter objects, which would be challenging 
with ground-based high-resolution instruments. This limitation arises 
because, at low resolution, the larger wavelength bin collects more 
light, resulting in a higher SNR, making the detection of these lines 
feasible. Additionally, space-based observations eliminate the issue of 
telluric contamination. In particular, near the He I triplet, OH emission 
lines can overlap with He I absorption, depending on the Barycentric 
Earth Radial Velocity (BERV) and the system’s systemic velocity. This 
imposes stringent observational constraints for ground-based detec-
tion of He I lines, further underscoring the advantage of space-based 
instrumentation.

Despite the low resolution, H𝛼 can still be a valuable observable. 
This is because the small number of spectral bins and the high sen-
sitivity to flux allow for precise photometric measurements. Rather 
than attempting to analyse this line through traditional transmission 
spectroscopy, this mission focuses on photometric observations, as the 
setup is particularly sensitive to flux variations. Consequently, this 
approach enables the tracking of flux changes as a function of orbital 
phase.

3.2. Magnetic fields and bow shock detection

In addition to characterising the atmospheric escape, ionised metal 
species can be sensitive to planetary magnetic fields, forming con-
trolled outflows and producing asymmetric transits if the field is strong 
enough [58]. For this process, the C II line is the most used line studied 
by observing flux variation and asymmetries during planetary transit 
(e.g. [59,60]).

Another phenomenon that can be used as a proxy for the presence 
of a magnetic field is the bow shock [61,62], which occurs when the 
stellar wind interacts with the magnetosphere of a planet, due to a 
sudden decrease in the speed of the stellar wind particles. If the relative 
motion between the objects and stellar coronal material is supersonic, 
then the bow shock forms in the direction of motion. When the shocked 
material’s optical depth is high enough, starlight is absorbed, and 
produces an early ingress in the transit light curve, as seen in Fig.  4.

Even if transit asymmetries for escaping metals are a matter of 
debate in the literature [64–66], early results pointed out the presence 
of a magnetospheric bow shock around WASP-12 b [63], while others 
have not found any evidence [67]. Additional observations ruled out 
a stable early ingress [68], and the possibility of a variable bow shock 
remains open [49].



M. Anger et al. Acta Astronautica 238 (2026) 300–319 
Fig. 3. Absorption line simulation of HAT-P-32b for HeI triplet (a) and Ly-𝛼 (b) measured with different resolutions.
Fig. 4. Top panel: Modelled transits around WASP-12 b in the near-UV, considering scenarios with and without a bow shock (green and black, respectively). The 
Hubble Space Telescope (HST) observations are represented in red, while the black lines depict simulation results. Bottom panel: Simulated mid-transit images. 
Figure 2 from Llama et al. [63]. Reproduced with permission by Oxford University Press.
4. Targets

Given the scarcity of detected exoplanets within the Radius Valley, 
a potential target list is compiled, encompassing various categories of 
planetary bodies that the mission aims to observe. This list includes 
both possible targets (where the existence of the body is uncertain) 
and targets with a probable certainty of existence. Additional targets in 
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the Hot Jupiter and Brown Dwarf regions have been selected to study 
exoplanetary magnetospheres.

The selection of targets was guided by Aetheras’ scientific objec-
tives, considering factors such as distance from Earth, absolute mag-
nitude, and orbital period. These criteria are cross-referenced with the 
NASA planetary archive [1].

The following criteria for target selection are considered:
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Fig. 5. Celestial sphere image in a Galactic coordinate reference system. Targeted exoplanets are marked with red dots (Radius Valley) and purple dots (Hot 
Neptunes, Hot Jupiters, Brown Dwarfs). Additionally, the two provisional long-duration fields proposed by the space telescope PLATO are indicated in blue [76].
• Planets in the Radius Valley: Planets with radii between 1.5−2.0
REarth, orbital periods less than 100 days, and located within a 
maximum distance of 40 parsec.

• Planets Around the Radius Valley: Planets with radii between 
1.2 − 1.5 REarth and 2.0 − 2.3 REarth, orbital periods less than 100
days, and located within a maximum distance of 40 parsec.

• Hot Jupiters: Hot Jupiters with a maximum mass of 13.6 MJup, 
orbital periods of maximum 10 days, and located within a maxi-
mum distance of 200 parsec.

• Brown Dwarfs: Brown Dwarfs were manually selected from rel-
evant papers (e.g. [69–75]).

120 exoplanets in and around the Radius Valley in the planetary 
archive fulfil the criteria at the time of writing along with 30 Brown 
Dwarfs, 100 Hot Jupiters, and 50 Hot Neptunes. A map of the target 
exoplanets’ position on the projection of the celestial sphere is shown 
in Fig.  5. It becomes apparent that the targets are homogeneously 
distributed in the sky as they are all close to our solar system.

Furthermore, current and future missions are anticipated to confirm 
additional target exoplanets. Notably, the PLATO space telescope [77,
78], scheduled for launch in 2026, is expected to identify an estimated 
450 − 8000 Radius Valley targets and 6000 − 20000 Hot Jupiters [76]. 
These potential discoveries could be considered for addition to the 
target list to extend the mission.

5. Current and future missions

Several space observatories, including the Hubble Space Telescope 
(HST) [79,80], the James Webb Space Telescope (JWST) [81], and the 
future Atmospheric Remote-sensing Infrared Exoplanet Large-survey 
(Ariel) [82,83], can be utilised to characterise exoplanet atmospheres.

The JWST’s Near-Infrared Spectrograph (NIRSpec) covers a wave-
length range of 0.6 μm to 5.3 μm and can study the He I emission 
line [84]. However, as detailed in later sections, a comprehensive char-
acterisation of Aetheras’ targets would demand dedicated observation 
times of roughly 12000 hours, occupying a substantial portion of the 
already busy JWST observational schedule. Moreover, the absence of 
a UV spectrometer on the JWST constrains the scope and depth of 
findings compared to what could be achieved through a dedicated 
mission.
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Scheduled for launch in 2029, the Ariel mission aims to conduct 
atmospheric characterisation of about 1000 transiting exoplanets using 
transit spectroscopy, spanning the wavelength range from 1.95 μm to
7.8 μm [85]. However, Ariel lacks a UV spectrometer capable of de-
tecting the Ly-𝛼 line and other specific UV emission lines, indicating 
atmospheric loss or the presence of a magnetosphere. Additionally, the 
low resolution in the near-IR (R> 10) and mid-IR (R= 30 − 200) of 
the Ariel InfraRed Spectrometer (AIRS) does not resolve the He I line, 
limiting the ability to detect the rate of atmospheric escape.

Ly-𝛼 observations can only be obtained by the HST, equipped with 
UV instruments (Cosmic Origins Spectrograph (COS) / Space Telescope 
Imaging Spectrograph (STIS)). Complexities in the data interpreta-
tion may arise, such as interstellar absorption and Earth geocoronal 
emission contamination [37,86]. Additionally, HST observations are 
subject to limitations due to Earth occultations, restricting the preci-
sion of measurements [49]. The inherently limited sensitivity of the 
instruments may result in a significant number of planets remaining 
undetectable [48].

Besides, it is important to consider Aetheras in the context of ESA’s 
Voyage 2050 program, specifically the mission statement ‘‘From tem-
perate exoplanets to the Milky Way’’ [87–93]. In this context, Aetheras 
provides simultaneous spectroscopy in the NIR-VIS-UV spectrum. Mis-
sions such as NewAthena, Pandora or MAUVE, while also targeting 
atmospheric observations, can only in combination provide the same 
range and require coordination with each other to do simultaneous 
observations [94–97]. Furthermore, NASA’s HWO also intends to pro-
vide observational capability in this range, underlining this demand. 
Although HWO will provide means for studying atmospheric escape, 
the authors believe that, much like JWST, it will not be possible to 
perform these observations for the vast number of targets already 
known due to the required observation times [98,99]. The Aetheras 
mission may be able to ‘split the gap’ between temperate exoplanets 
and the larger galactic ecosystem.

The Extremely Large Telescope, currently under construction, will 
play a significant role in characterising small exoplanets using high-
resolution spectroscopy, providing crucial insights into atmospheric 
composition [100,101]. However, much like other ground-based facil-
ities as discussed above, it will face limitations due to atmospheric 
interference and the availability of observation time, particularly for 
faint targets.
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The proposed Aetheras space-based mission uniquely integrates UV 
and IR spectrometers to provide insights into the mechanisms of atmo-
spheric evolution of exoplanets and shed light on the coevolution of 
their atmospheres and magnetospheres.

6. Science requirements

In order to address the scientific questions outlined in Section 2, the 
following science requirements [SR] shall be fulfilled:
SR1. The mission shall simultaneously measure proxies for atmospheric 
escape and magnetic fields in the Near-Infrared (NIR), Ultra-Violet (UV) 
and Visual (VIS), including the absorption lines [SO1, SO2, SO3, SO4]:

• H Ly-𝛼 (121.40 nm to 121.75 nm),
• C II (130.00 nm to 137.00 nm),
• Mg II (277.00 nm to 281.00 nm),
• H𝛼 (655.00 nm to 657.00 nm) and
• He I (1082.60 nm to 1084.00 nm)

This requirement is derived from the previously explained mea-
surement methods. In the investigation of planetary system formation 
through atmospheric escape mechanisms, the specified spectral lines 
serve as indicators of the escaped particle tail (H Ly-𝛼, Mg II, He I, C 
II), as well as the presence of a magnetic bow shock (Mg II and C II).

In order to further study a possible correlation between an exo-
planet’s radius and its atmospheric properties, the mission will observe 
exoplanets from the following target groups:
SR2. The mission shall observe at least 100 transiting exoplanets that lie 
in the Radius Valley or on its edges (1.2 <R< 2.3R𝐸) using spectroscopy. 
[SO1, SO2, SO4]
SR3. The mission shall observe at least 100 transiting objects with a 
mass of at least 0.1 Jupiter masses. [SO1, SO4]
SR4. The mission shall observe at least 25 transiting Neptune-sized 
exoplanets with orbital periods of less than 4 days. [SO1, SO3, SO4]

For each of these observations, the following requirement is estab-
lished to ensure the comprehensive capture of the full transition of an 
exoplanet.
SR5. The mission shall observe a minimum of 4 full transits per target, 
including ingress and egress, with a 2 h margin before and 50% transit 
duration margin after, acquiring at least 40 equidistant measurements 
per transit. [SO1, SO2, SO3, SO4]

The observation of the host star prior to the transit is crucial for 
obtaining a reference spectrum for the subsequent transit. Moreover, 
considering that the bow shock is situated in front of the planet, its 
effects become measurable within the two-hour interval before the 
transit. Given that atmospheric escape is modelled as an outflow of 
particles, the measurement of this particle tail is conducted during and 
after the transit duration.

To identify the different spectral lines, the following resolutions in 
the respective bands are required:
SR6. The spectral resolution in the NIR shall be sufficient to measure 
a Doppler shift of at least 85 km s−1 in the He I absorption line. [SO1, 
SO2, SO3, SO4]
SR7. The spectral resolution in the UV shall be able to at least separate 
the Si III absorption line from the Ly-𝛼 absorption line. [SO1, SO2, SO3, 
SO4]

7. Instruments

With these science requirements, the following requirements for the 
needed instruments, as well as their design, can be derived.

7.1. Instrument requirements

To ensure that the Science Requirements are met, Instrument Re-
quirements [IR] are defined as seen in Table  1. It becomes apparent 
that a single instruments is not able to resolve all needed spectra, as 
the two wavelength bands are too widely separated. Additionally, with 
the separation, optimisation for each wavelength band can be done, 
increasing the respective efficiency.
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7.2. Optics

Using the requirements listed in Table  1, two separate spectrometers 
are envisioned to resolve the NIR and UV ranges. A fine guidance 
system is also necessary to ensure sufficient acquisition precision of the 
target stars.

The optical layout, starting from the main mirror, is seen in Fig. 
6. The related parameters, such as mirror size and field of view, are 
shown in Table  2. This must only be considered a preliminary baseline, 
recognising that further development is required for the detailed optical 
path and the detector designs of the proposed setup.

The light is collected by a Cassegrain telescope with a narrow 
angular field of view of 3.14◦ and a diameter of 1.5m [M1] to be able 
to detect the faintest star in the target list within the required time. 
The secondary mirror [M2] is integrated with a tip-tilt actuator to 
reduce the jitter of the point source on the detector at the end of the 
optical path, caused by the vibrations of the spacecraft service module. 
The visible (VIS) channel provides information on the H𝛼 line while a 
fine guidance system channel (FGS) is required to provide a steering 
signal for the tip-tilt mirror [TTM/M2] for fine target acquisition. This 
channel is not discussed in detail as several systems have already been 
developed for this purpose, such as the Fine Guidance System for the 
HST [102–104].

A collimator [COLL1] brings the beam size down to 2 cm. The first 
dichroic mirror [DICH1] filters the UV light by spatial separation at a 
cut-off frequency of 300 nm to supply the UV instrument. The remaining 
frequencies are split into the VIS/FGS channel and the NIR channel by 
a second dichroic mirror [DICH2] with a cut-off frequency of 950 nm.

In each spectrometer, a focusing mirror [UV-M1, NIR-M1] is used 
to adjust the focal stop of the main mirror (𝑓∕24.4) to the needed focal 
stop of the respective instrument. The focusing mirrors are also used 
to focus the light through a slit [UV-SLIT, NIR-SLIT]. This is needed to 
restrict the light beam to the selected target star onto a concave blazed 
holographic diffraction grating [UV-GRAT, NIR-GRAT], which allows 
a shorter optical path and fewer optical elements, thus increasing the 
throughput of the system. A grating strata number of 100 results in 
a smooth response across the UV range and can yield an average 
grating efficiency of 68% [105,106]. Several grating technologies have 
already been developed for NIR instruments and could be reused here 
to achieve reflectances around 88% at 1000 nm [106,107]. At the focus 
of the diffraction grating, a CCD [UV-DET, NIR-DET] is used to count 
the collected photons.

The light from DICH2 is further split into the FGS and VIS channel 
by another dichroic mirror [DICH3]. The respective focusing lenses for 
each channel [VIS-M1, VIS-M2] confine the light beam onto the VIS 
detector and the target acquisition instrument respectively.

A high reflectance coating, especially for surfaces reflecting UV 
light, must be employed as fewer photons in this spectrum are emitted 
than in NIR. Protected Aluminium mirrors have been chosen for this as 
they can be manufactured quickly and have a high reflectance value 
of around 70% at 120 nm [108]. This material can also reflect NIR 
up to 90%. The presented optical system (Fig.  6) allows a maximum 
throughput of 13.22% in the UV and 34.70% in the NIR channel before 
splitting it into spectral bins as seen in Table  3.

7.3. UV detector considerations

For UV detection, several detector types can be considered [109]. 
Recent studies have shown that GaN-based photocathodes in reflection 
mode exhibit great potential for efficient detectors down to 110 nm
at room temperatures [110,111]. These detectors, known as electron 
bombardment CCDs (EBCCDs), are paired with a photocathode in close 
proximity, resulting in a combined quantum efficiency of up to 45% at 
120 nm [112,113].

Assuming a pixel size of 13 μm, a minimum of 1143 pixels is required 
to cover the spectral range of 115 nm to 285 nm, resulting in a spectral 
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Table 1
Instrument Requirements [IR].
 IR1. The spacecraft shall be equipped with a spectrometer to perform simultaneous observations in the NIR 

(1082.60 − 1084.00) ± 0.05 nm and UV (121.40 − 281.00) ± 0.05 nm. [SR1]
 

 IR2. The photometric aperture shall capture 99.5% of the stellar flux in the NIR and the UV. [SR2, SR3, SR4, SR5]  
 IR3. The resolving power shall be at least 3600 for the NIR. [SR6]  
 IR4. The resolving power shall be at least 500 for the UV. [SR7]  
 IR5. The photometric stability shall be better than 50 ppm (1𝜎) for the NIR instrument. [SR2, SR3, SR4, SR5]  
 IR6. The photometric stability shall be better than 1% (1𝜎) for the UV. [SR2, SR3, SR4, SR5]  
 IR7. The signal-to-noise ratio of the transition contrast shall be at least 8 for NIR. [SR2, SR3, SR4, SR5]  
 IR8. The signal-to-noise ratio of the transition contrast shall be at least 4 for UV. [SR2, SR3, SR4, SR5]  
 IR9. The spacecraft shall additionally perform simultaneous observation in VIS (652 − 660) ± 0.05 nm. [SR1]  
Fig. 6. The optical layout of the UV, NIR, and VIS instrument for the Aetheras mission. Starting from the upper left, starlight is guided through the main mirror 
(M1) via a tip-tilt mirror (M2) to a collimator (COLL1). The light is split into UV and VIS spectral bands at the respective dichroic mirrors (DICH1 and DICH2). 
The UV and NIR bands are passed through a slit onto a grating to split them up into a spectral image that is projected onto a detector respectively. Another 
dichroic mirror (DICH3) splits the image into the fine guidance system and the VIS channel.
Table 2
Aetheras Mission Telescope and Instrument Parameters.
 M1 1.5m  
 Angular FOV 3.14◦  
 NIR Channel 1070 nm to 1090 nm  
 Throughput: 34.01%  
 Spectral Resolution: > 3724  
 UV Channel 115 nm to 285 nm  
 Throughput: 12.96%  
 Spectral Resolution: 571  
 Compressed Data Rate 28.0Gbit d−1 (20 h operations) 

resolution of 571 and a two-pixel wide point spread function at full-
width half maximum. Additionally, with a 0.22mm slit in front of the 
detector, a minimum vertical size of 17 pixels is needed to image the 
entire slit width.

To achieve a flux resolution of 1% a minimum pixel depth of 8
bits is required for the given pixel size, as the minimum bin amount is 
200. This ensures that even the lowest proposed star flux level, which 
provides 75.7 photons per second after the presented optical path to 
the detector, can be observed. Furthermore, to ensure accuracy, the 
detector should be thermally stabilised. A data rate of approximately 
0.155Mbit per measurement is being expected.

7.4. NIR detector considerations

Infrared detectors have been developed further in recent years 
to detect stars further into the universe’s history. To achieve low 
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Table 3
Efficiency values for UV, IR, VIS, and FGS channels of the proposed optical 
path along with overall throughput percentages.
 Efficiency UV IR VIS FGS  
 Primary Mirror 70% 90% 90% 90%  
 Primary Collimator 70% 90% 90% 90%  
 UV Dichroic 90% 90% 90% 90%  
 UV Slit Focus 98%  
 UV Slit 98%  
 UV Grating Collimator 68%  
 UV Detector Quantum 45%  
 VIS-IR Dichroic 92% 92% 92%  
 IR Slit Focus 98%  
 IR Slit 98%  
 IR Grating Collimator 88%  
 IR Detector Quantum 60%  
 VIS-FGS Dichroic 92% 92%  
 VIS Focus 98%  
 VIS Detector Quantum 60%  
 FGS Colour Filter 89%  
 FGS Focus 98%  
 FGS Detector Quantum 60%  
 Throughput 12.96% 34.01% 36.28% 32.29% 

enough dark currents with reasonable noise levels, HgCdTe avalanche 
photodiodes are proposed as NIR detector technology. Observations 
for astrophysical applications can already be achieved by detectors 
thermally controlled to 120K [114].
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With a pixel size of 10 μm a NIR detector consisting of a matrix of 
7448 × 49 pixels can be derived to cover the spectral range of 1070 nm
to 1090 nm and the entire slit width. For the faintest target star IR 
flux of 6.78 × 1011 photons per second with a resolution of 0.005% a 
minimum amount of 40000 flux bins is needed for the given pixel size, 
resulting in a minimum bit depth of 16 bits. Depending on the final 
chosen hardware, the light path should be optimised to use the full 
length of the detector. With currently available technology, resolutions 
around 5000 are feasible. Thus, the given detector size should be treated 
as a lower bound.

Given the higher flux in the NIR wavelength domain compared 
to the UV, the NIR detector allows for enhanced resolution. Efficient 
cooling is imperative to minimise noise interference in the detector. 
The average data output from this detector is approximately 5.84Mbit
per measurement.

7.5. VIS and FGS

The VIS channel is filtered to a narrow light spectrum to a 8 nm band 
around 656 nm [115]. The detector itself can be matched with the fine 
guidance detector.

For accurate and stable positioning of the target onto the respective 
detector slit, a feedback loop between the FGS channel detector and 
the tip-tilt mirror has to be used. This is crucial for maintaining precise 
alignment between the detectors. The image of the target stars is 
continuously compared to the projected dot positions on both instru-
ments to minimise the point spread function jitter on the respective 
spectrometer. Additionally, all detectors and mirror systems should 
be placed onto one optical bench with known thermal coefficients 
and distances. For simplicity, the VIS and FGS channels could also be 
combined into one instrument.

7.6. Additional possible observations

In addition to the required absorption spectral lines, the instrument 
presented is also capable of observing other important spectral lines 
such as H2O, O, O3, Si-I, and Si-III. These lines provide valuable 
information about the composition and characteristics of exoplanet 
atmospheres.

With the addition of H2O lines to Aetheras’ data, insights into atmo-
spheric water vapour can be obtained. Similarly, the observation of O 
and O3 lines provides critical information about oxygen content. These 
two factors are key to assessing habitability and overall atmospheric 
composition of exoplanets respectively. Si-I and Si-III lines will enable a 
deeper understanding of silicon-related compounds in exoplanet atmo-
spheres. Overall, the additional observations that Aetheras is capable 
of can significantly broaden the mission’s scientific scope, allowing for 
a more thorough comprehensive study of exoplanet atmospheres and 
enhancing our understanding of planetary formation and evolution.

8. Mission analysis

As near UV asymmetries in the transit spectra cannot be seen 
by ground based telescopes the mission is set to be conducted in 
space [116]. A mission analysis has been conducted to identify the 
needed orbit of the mission as well as the different phases to achieve 
the desired mission goals.

8.1. Mission requirements

Earth geocoronal emission contamination has been a significant con-
cern in previous observations [37]. The geocorona extends more than 
38 R𝐸 , as demonstrated by a Ly-𝛼 image of the Earth taken from 0.1AU
with the Proximate Object Close Flyby with Optical Navigation (PRO-
CYON) spacecraft [117]. Therefore, an orbit beyond Earth’s influence 
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Table 4
Aetheras Mission Requirements [MR].
 MR1. The mission shall be conducted at least 38 Earth radii away from 

Earth to be outside Earth’s exosphere. [IR1, IR2, IR8, IR9, IR10]
 

 MR2. The mission shall provide a total scientific observation time of at 
least 12 000 h. [SR2, SR4]

 

 MR3. The mission shall first observe the primary targets and afterwards 
observe the secondary targets. [SR2]

 

 MR4. The instrument bore sight shall not be pointed within a 15◦ cone 
towards the Sun during operations. [SR2, SR3, SR4, SR5]

 

 MR5. The instrument shall be pointed with a pointing accuracy of 7 milli 
arcsec with a stability of 5% over at least 10 h towards the targets. 
[SR2, SR3, SR4, SR5]

 

is necessary to create conditions suitable for observing low-emission 
targets.

Considering an average observation time of 10 h and four transits 
per target, along with a minimum of 300 observed targets, a baseline 
scientific observation time of 12 000 h is derived. The target count 
preemptively incorporates a margin to accommodate potential future 
detections by other missions. The required observation time may vary 
significantly for specific targets.

The Mission Requirements are detailed in Table  4.
To minimise space debris risks for future missions, an additional 

mission constraint has been imposed: the spacecraft shall enter a grave-
yard orbit at the end of its decommissioning phase.

8.2. Orbit and mission phases

A Lissajous orbit around the Lagrange point L2 of the Earth–Sun 
system has been selected. This orbit not only places the spacecraft out-
side the geocorona but also provides a low thermal noise environment 
for the NIR detector and offers good sky coverage for observations. The 
orbit has been designed to ensure that the spacecraft remains free from 
any eclipses.

Following a burn towards L2, the satellite will detach from its 
launcher and deploy. This burn is strategically designed to consistently 
undershoot the trajectory, ensuring that the spacecraft always points 
away from the sun during correction burns.

After separation, the spacecraft will actively align itself to enable 
the solar panels to pass the sun while avoiding direct sunlight on the 
detectors. Once basic commissioning of the platform is completed, the 
cruise phase towards L2 is initiated. The transfer to L2 will span 60
days, incorporating a manoeuvre for launcher injection corrections, 
along with an L2 direct injection of around 50m s−1 along the way. 
Upon reaching L2, the science payload section as well as the platform 
undergoes detailed commissioning.

The nominal observation phase is scheduled to last 3 years. At least 
one year will be used to observe the targets presented in Section 4. The 
additional observation time is to revisit those targets and open call tar-
gets which may arise also from discoveries made with space telescopes 
like PLATO. Throughout its operational lifetime, station-keeping activi-
ties will involve both orbit and attitude maintenance. Post-observation, 
the spacecraft is to be decommissioned into an unstable outbound orbit, 
positioned far from Earth.

9. Spacecraft design

Both the mission objectives and the payload specifications necessi-
tate certain requirements, shaping the design parameters for the space-
craft. The subsequent sections elaborate on the envisioned satellite 
design for the Aetheras mission.
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Table 5
Aetheras Mission System Requirements [SReq].
 SReq1. The spacecraft shall be 3-axis stabilised with a pointing accuracy of 

7 milli arcsec with a stability of 5% over at least 10 h. [IR5, IR6, 
IR7, IR8]

 

 SReq2. The spacecraft shall have a propulsion system to perform orbit 
insertion, station keeping for at least 3 years, and disposal. [MR1, 
MC3]

 

 SReq3. The spacecraft shall withstand the radiation environment at the 
target orbit for at least 3 years. [MR1]

 

 SReq4. The spacecraft shall be able to observe targets between [−70◦, 80◦
] in declination with respect to the ecliptic. [SR2, SR3, SR4]

 

 SReq5. The spacecraft shall shield the instruments from stray light. [IR7, 
IR8, MR4]

 

 SReq6. The spacecraft shall be able to store at least 26.4Gbit of data for at 
least 2 days. [SR5, SR7, IR1]

 

 SReq7. The spacecraft shall provide the necessary electrical power for all 
operational modes. [MR2, MR3]

 

 SReq8. The spacecraft shall provide a thermal system for the NIR that 
keeps the detector area at a temperature lower than 130K and a 
stable temperature environment for the optics as well as the UV 
detector with a maximum deviation of 1◦Celsius. [MR4, MR5]

 

9.1. System requirements

Eight top-level system requirements are identified, which dictate the 
specifications of the subsystems the most, as detailed in Table  5. The 
subsequent sections delve into a detailed discussion of the subsystems 
that address these requirements.

To achieve stable observations, the platform must maintain stability 
both in attitude and thermal conditions. Limiting the sunlight exposure 
on the detectors is crucial, and additional measures, such as stray light 
shielding, are implemented to ensure low-noise observations.

9.2. Operational modes

Different operating modes are used according to the needs during 
different phases of the mission. The following six modes represent 
simplified states and serve system scaling purposes:
Launch mode (LAU): Encompasses the period from launcher separa-
tion to achieving stable attitude and telemetry.
Manoeuvre mode (MAN): Includes all manoeuvres requiring the use 
of orbital control thrusters.
Commissioning and testing mode (TES): Combines the platform and 
instrument commissioning and validation processes. Note that this 
mode is unsuitable for scaling, as it does not reflect the chronological 
sequence of system tests.
Cruise mode (CRU): Active between orbit injection and arrival at L2, 
during which the spacecraft operates in a low-power hibernation mode.
Science and communication mode (SCM): Encompasses nominal 
operations during scientific observations in orbit around L2.
Safe mode (SAF): Reserved for recovery from abnormal scenarios, 
activating only essential and mission-saving systems.

9.3. Attitude and orbit determination and control

With the mission performing precise measurements of distant
targets, the Attitude and Orbit Determination and Control System 
(AODCS) is crucial not only in maintaining the desired orbit but also 
for precise pointing towards the target. The next sections will give an 
overview of the calculations and design considerations needed for the 
propulsion system as well as for attitude control.

9.3.1. Propulsion
From the preliminary trajectory discussed in Section 8, a total 

𝛥v budget of 125.8m s−1 is derived as seen in Table  6. The biggest 
contributors are the needed launch error correction manoeuvres as well 
as the burn needed to bring the spacecraft into a graveyard orbit, which 
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ensures that the orbits around L2 will be free of debris for at least 100
years after the spacecraft decommissioning.

For orbit manoeuvres, three 20N Hydrazine thrusters [119] are 
chosen, along with up to 176L fuel tank [120], capable of holding 
the required 68 kg of Hydrazine as calculated from the 𝛥v budget and 
additional fuel for attitude maintenance as those thrusters use the same 
propellant.

The tank is intentionally oversized, allowing for the possibility of 
loading more fuel if the launcher budget permits, thereby potentially 
extending the mission lifetime, as this is the only consumable on board.

In future design iterations, it is advisable to consider similar systems 
that use less harmful propellants, such as those under development by 
ECAPS [121,122].

The three orbit maintenance thrusters are strategically positioned 
in a line along the bottom of the spacecraft, providing redundancy 
and assistance during attitude changes. A single thruster is sufficient 
to deliver the necessary impulse for all manoeuvres. In the event of a 
failure in the middle thruster, the outer ones can perform the burns. 
Suppose two thrusters (for instance, the middle and one outer) cannot 
be operated. In that case, orbital manoeuvres must be executed using 
the remaining thrusters in conjunction with the attitude thrusters to 
counter the offset towards the centre of mass.

9.3.2. Attitude determination and control
For this mission, an attitude determination system comprising of 

two star tracker compute units with two tracking heads each, an inertial 
measurement unit, and six sun sensors is proposed to gain attitude 
knowledge with up to 0.6 arcsec precision [123–125]. This system pro-
vides redundancy through multiple units or utilises the built-in redun-
dancy features of the selected devices. The selected attitude computer 
(ICDE NG by Airbus Defence and Space [126]) processes additional fine 
guidance information from the VIS instrument of the payload, com-
bined with data from these sensors, to deliver the necessary attitude 
information to all other systems.

For main attitude and stability control, four reaction wheels are 
employed in a tetrahedral configuration. To enable stable observations 
lasting up to 10 h without interruption, a momentum storage of at 
least 8Nm s is required. Hence, reaction wheels with up to 18Nm s
momentum storage are selected for this baseline design [127]. Twelve 
1N attitude control thrusters are used to dissipate the momentum ac-
cumulated during observations [128]. Only eight thrusters are needed 
to perform all manoeuvres, with the additional four providing redun-
dancy. The needed Hydrazine fuel of 12 kg for momentum dumping 
over the mission life of three years can be stored in the same as the 
fuel for the orbital manoeuvres.

9.4. On-board data handling

The on-board data handling organises the transfer and storing of 
payload, telemetry, and subsystem housekeeping data between the 
different instruments. The data handling of the payloads is done by 
their dedicated data processing units (DPU) which also have a con-
nection to the central computing unit (CCU) as depicted in Fig.  7. 
Avionics systems namely attitude and orbit determination and control 
system (AODCS), electrical power system (EPS) and telecommunication 
(COM) are connected via a bus system to ensure commanding even if 
the compute unit is malfunctioning. The COM can address messages 
to other systems than the CCU if needed. All data connections are 
double-redundant to mitigate connection issues.

Due to a limited communication window, the data is temporarily 
stored on-board before transmission to the ground. With redundancies, 
onboard storage must handle at least 44Gbit∕day of raw science and 
telemetry data for at least two days. The buffer has to be at least 40Mbit
based on the expected data rate for one minute and will be scrubbed 
regularly to limit the impact of Single Event Effects (SEEs). A computing 
unit capable of telemetry data transmission up to 10Mbit, coupled with 
external storage of up to 4TB useable capacity, can handle more than 
sufficient data backup needs for this mission [129,130]
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Table 6
𝛥v Budget for the Aetheras mission, including manoeuvres after spacecraft separation from 
the launcher until disposal to a graveyard orbit. Perigee velocity variation compensation and 
removal of launcher dispersion are worst case estimates. Delta-V margins have been applied 
according to mission design recommendations by ESA [118]: 5% for accurately calculated 
manoeuvres (including trajectory and detailed orbit maintenance manoeuvres), 100% for general 
orbit maintenance manoeuvres not analytically derived, and 100% for attitude control and angular 
momentum management manoeuvres. 
 Manoeuvre 𝛥v [ms−1] Margin [%] Margin [ms−1] Total [ms−1] 
 Compensation for Perigee Velocity variation 26 5 1.3 27.3  
 Removal of Launcher Dispersion 50 5 2.5 52.5  
 Orbit Maintenance (3 year) 3.0 100 3 6  
 Injection into unstable outbound orbit 20 100 20 40  
 Total with margin 125.8  
Fig. 7. On-board bus architecture of the Aetheras mission. Data processing units (DPU) of the different payloads are connected to a central computing unit 
(CCU). The visual fine guidance system (FGS) has also a direct link to the AODCS to get current attitude data. AODCS, OBDH, EPS and COM share a common 
bus communication.
9.5. Telecommunication

The spacecraft utilises X-Band with a bandwidth of 10MHz as the 
primary downlink to Earth for transmitting science data. A 0.5m an-
tenna dish can achieve a gain of up to 32 dB which is mounted on a fully 
integrated antenna pointing mechanism currently under development 
from Airbus [131]. The power amplifier, with a typical output of 
17W, and a corresponding radio are modelled using products provided 
by General Dynamics [132,133]. Both components are redundantly 
incorporated into the system.

In addition to the X-Band, a redundant S-Band system ensures 
omnidirectional coverage for telecommand uplinking. Four omnidi-
rectional S-Band antennas, along with two amplifiers and an internal 
redundant radio (also by General Dynamics) [134,135], are employed. 
The multifunctional radio supports telemetry rates up to 8Mbit s−1 with 
QPSK encoding. This system can also serve as a backup for science 
downlink with a significantly reduced data rate.

For data downlink, the 15m antennas of ESA’s ESTRACK network 
(KIRUNA-1 and KURUU-1) can be utilised to achieve high data rates up 
to 6Mbit s−1. Smaller antennas may also be employed for telecommands 
via S-Band. The S and X-Band link budgets, assuming the above-
mentioned ground stations for X-Band and a generic 5m antenna for 
S-Band, are presented in Table  7.

Overall, a link margin of more than 6 dB is ensured throughout the 
mission, which is well above the required margin of 3 dB as required 
by ESA [118]. With a data rate of 6Mbit s−1 for the X-Band, and 
considering the anticipated scientific data production of 28.0Gbit d−1, 
the minimum required communication window is less than 80min d−1. 
In the case that the science data has to be downloaded via the S-Band 
a different observation strategy is recommended as the data rate is too 
low to download a whole day of science data.
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Table 7
 Link budget of Aetheras spacecraft equipped with a high gain X-Band antenna 
and low gain S-Band antennas. 15m antennas of ESA’s ESTRACK network 
(KIRUNA-1 and KURUU-1) and 5m generic ground station are used as ground 
stations for X-Band and S-Band respectively.
 Uplink Downlink  
 Frequency 8.5GHz 2.1GHz 7.2GHz 1.7GHz  
 Transmission Loss −236.4 dB −224.3 dB −235.0 dB −222.4 dB 
 TX Transmit Power 100W 250W 17W 8.3W  
 TX Antenna Gain 50.9 dB 38.7 dB 29.5 dB 2.9 dB  
 EIRP 69.9 dB 61.8 dB 41.0 dB 11.4 dB  
 RX Antenna Gain 30.9 dB 4.8 dB 59.0 dB 46.5 dB  
 Receiver G/T 9.1 dB −17 dB 39.5 dB 26.9 dB  
 Data rate 12Mbit s−1 10 kbit s−1 6Mbit s−1 7 kbit s−1  
 Final Eb/En 9.3 dB 9.0 dB 6.3 dB 6.0 dB  

9.6. Data packages and commanding

Two distinct data centres are founded for this mission: A command-
ing data centre and a science data centre. After the telemetry and 
science data packages are successfully received on Earth via frequency-
specific ground station networks from ESA, the commanding data 
centre will handle all spacecraft health and subsystem-related tasks. 
Configuring the spacecraft for the different mission phases as well as 
executing all the commands needed to perform a scientific observation 
requested by the science data centre.

After the measurement data are retrieved they will be sent to the 
science data centre as seen in Fig.  8 to be cleaned up and checked for its 
integrity to prepare data products that can be made available. For each 
observation the user will get the following timestamped data packages: 
Host star spectrum and visual image, exoplanet spectra for ingress, 



M. Anger et al. Acta Astronautica 238 (2026) 300–319 
Fig. 8. Data flow of the Aetheras mission. Science and telemetry data stored 
at the CCU gets transferred to the COM system. Telemetry data will get sent 
via S-Band to the ground station network (GSN). X-Band is used to transmit 
science data to a dedicated GSN. Data from both GSNs gets processed at the 
commanding data centre. Science data will be processed and stored at the 
science data centre to be made available to the users.

egress and during transit. Spectral data packages will be subdivided 
into NIR and UV sub-packages.

The data can be retrieved by the science community from servers 
hosted by the science data centre. At first, all primary collaborators 
including instrument providers will get access. After one year of exclu-
sive access, the data will be publicly available to enable a wider science 
community to participate.

9.7. Thermal management

To ensure the reliable and consistent performance of Aetheras in 
all required cases, a top-level thermal analysis is performed. Key pa-
rameters to consider in the thermal analysis are defined by the critical 
spacecraft components onboard Aetheras. In particular, the NIR de-
tector has an optimal range of only 118K to 122K (SReq8) during 
operation. The batteries and fuel mostly drive the spacecraft system’s 
thermal requirements to avoid charging problems and ignition de-
lays [136,137]. A summary of the most important temperature ranges is 
given in Table  8. A sunshield, a radiator, a baffle, thermal coatings, and 
heaters are implemented in different areas to ensure these requirements 
are met. The spacecraft is divided into hot and cold sections, with 
components with a larger thermal range placed in between the two 
sections. This allows the components to be within optimum thermal 
range while also acting as a heat sink to isolate the hot and cold 
sections.
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Table 8
Thermal operating ranges for most critical spacecraft components 
onboard Aetheras.
 Component Thermal Range  
 Battery 283K to 333K  
 Fuel 288K to 313K  
 NIR detector 118K to 122K  
 UV detector 293K to 303K  
 UV optical mirror 283K ± 1% rms 

The hot section is referred to as the service module. The cold 
section, which contains the telescope, is referred to as the payload 
section (see Section 9.9).

For thermal energy emission it is assumed that all electric power is 
dissipated as heat by the respective component. The only power not full 
converted to heat is power used for communication antennae. Different 
operating modes, as seen in Section 9.8, are taken into account. The 
case in which the spacecraft rotates to expose the thermally unpro-
tected side is not considered, as this is regarded as a mission failure 
due to the telescope then being exposed to the sun, compromising 
the required function. It must be noted that it might be possible to 
recover from this state with enough waiting time after the spacecraft 
has been brought into an attitude in which the sun is not facing the 
telescope. For all calculations, a solar flux value for a perihelion Earth–
Sun L2 distance is taken as external input. Calculations follow Stefan 
Boltzmann’s law.

The sunshield consisting of four layers of AlSiO coated 25.4 μm
Kapton film is placed in between the Sun and the payload section. Gaps 
of void in between create a radiative thermal resistance [138]. Due 
to the NIR detector’s optimal thermal range, the requirement of the 
sunshield is set to reduce the temperature of the cold section of the 
spacecraft to 120K. This design results in a final thermal temperature 
of 118.45K on the outer spacecraft surface. Apart from the ability to 
comply with the thermal requirements, the AlSiO coating is chosen 
to increase the longevity of the sunshield against heating cycles and 
performance degradation [139].

A Radiator is used on a part of the cold section of the spacecraft. 
This radiator will be constructed similar to the system used on the 
Hubble satellite or the more recent satellite Euclid [140–142]. The 
radiator placement allows for the removal of heat from components in 
between the hot and cold sections. This contributes towards the thermal 
isolation of the hot and cold sections [140,143]. Heat created by the 
components within the cold section is emitted via this radiator system, 
ensuring no risk of exceeding optimal thermal ranges.

The Baffle further reduces thermal stress during normal operation 
by shielding the telescope from stray light. As a result, this prevents 
any unwanted thermal input via the telescope. A thermal coating of 
Chemglaze Black Paint Z306 is chosen for application on the ser-
vice module. This creates a stable thermal environment within the 
service module. The material is chosen by using various emissivity 
and absorptivity values in the Stefan Boltzmann law calculations of 
final temperate. An experimental approach is taken to arrive at the 
material choice Chemglaze Black Paint Z306, using supplier material 
catalogues [144,145]. Chemglaze Black Paint Z306 has an emissivity 
of 0.90 and absorptivity of 0.95 [145]. This results in an upper tem-
perature limit of 300.2K and lower temperature limit of 295.9K in the 
service module.

9.8. Electrical power

Considering the payload and essential onboard systems, the space-
craft design mandates a minimum continuous power output of 687W
in SCM mode as seen in Table  9. This mode serves as the reference for 
power conditioning scaling. The power budget is calculated with duty 
cycles, redundancies and margins in mind.
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Table 9
Power budget for different spacecraft modes of the Aetheras mission. Subsystem values are shown 
with duty cycle and redundancy considerations in mind. Maturity margins have been applied 
according to current ESA recommendations [118]: 5% for ‘‘Off-The-Shelf’’ items, 10% for ‘‘Off-
The-Shelf’’ items requiring minor modifications and 20% for new designed/developed items, or 
items requiring major modifications or re-design. An additional margin of 30% is applied to the 
total power of each mode. 
 Subsystem MAN [W] TES [W] SAF [W] CRU [W] LAU [W] SCM [W] 
 Payloads 3.1 29.6 29.6  
 Attitude Det. and Control 290.3 290.1 149.4 271.2 149.4 290.4  
 Propulsion 49.5  
 On-Board Data Handling 49.4 49.4 49.4 49.4 26.3 49.4  
 Communication 14.2 30.3 16.3 12.9 16.3 55.4  
 Mechanisms 0.3 0.3  
 Power 84.0 84.0 84.0 84.0 84.0 84.0  
 Thermal 19.2 19.2 24.0 24.0 12.0 19.2  
 Total power 662.5 653.8 420.0 573.9 374.4 686.8  
 

The LAU mode is used for battery sizing, taking into account the 
absence of eclipses in the planned trajectory. In this mode, the space-
craft must initially orient itself towards the sun and initiate all required 
systems without relying on primary power production from the solar 
panels.

The modular power conditioning unit LEO PCDU EVO by Airbus 
delivers a 28V system bus for the entire spacecraft and can handle 
single component loads up to around 300W [146].

For a safe mode operation lasting at least 2 h, two 512Wh VES16 
8s4p batteries by Saft in a redundant setup are sufficient [147]. The 
calculations take into account a depth of discharge of 74.9%, which 
is high as the batteries are not in heavy use after the spacecraft is 
stabilised.

To meet the power demands, the calculated solar panel area re-
quired is 2.84m2 assuming Azur Space 3G30 A solar cells [148]. The 
total power output of 895 cells reaches a maximum of 687W. This 
value is adjusted to account for various factors such as degradation of 
solar panels from radiation, maximum power point tracking (MPPT) 
efficiency of 98%, battery charge regulator (BCR) efficiency of 90%, 
and cell loss at maximum temperature as well as a 30◦ angle towards 
the sun.

9.9. Configuration

As all subsystems are defined, a preliminary system configuration 
and payload integration are conducted. The spacecraft can be divided 
into two sections: A payload section houses the telescope and the 
optical instruments. Underneath, a service module section contains the 
supporting subsystems that have been laid out above. This design is a 
first layout work of the different components in side the preliminary 
structure of 1.84m × 1.8m × 3.42m.

The service module is depicted from below in Fig.  9. Systems are 
modelled after their envelope given in the respective datasheet. A 
tetrahedral support structure is introduced in the centre to provide 
mounting surfaces for the reaction wheel arrangement. All systems 
locations are selected with the centre of mass as well as their thermal 
and system internal requirements in mind.

Figs.  10(a) and 10(b) show the internal layout from the side and 
the deployed structure respectively. The solar panel is fixed on the 
sides centre facing the Sun and serves as the first light and heat shield. 
Additionally, the baffle and a radiator surface help to meet thermal 
and stray light requirements. The fuel tank extents in the centre into 
the volume covered by the radiator surface. The X-Band antenna is 
placed on an actuation arm to enable downlink also during off axis 
measurement times.

The instruments light path is shown in a preliminary layout. For 
a more detailed layout, an optical simulation of the entire instrument 
needs to be done. A design for an optical bench to ensure precise 
alignment of all optical parts is still needed. Ideally the radiator surface 
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Table 10
 Mass Budget of the Aetheras mission with contingency and total combined 
masses for each subsystem. Maturity margins have been applied according 
to current ESA recommendations [118]: 5% for ‘‘Off-The-Shelf’’ items, 10%
for ‘‘Off-The-Shelf’’ items requiring minor modifications and 20% for new 
designed/developed items, or items requiring major modifications or re-design.
 Subsystem Mass [kg] Cont. [kg] Comb. [kg] 
 Payloads 297 59 357  
 ADCS 75 5 79  
 Propulsion 36 6 42  
 OBDH 13 1 14  
 COM 23 5 27  
 Power 41 4 45  
 Thermal 50 10 60  
 Structure 250 50 300  
 Dry Mass 926  

is placed as close to the components needing cooling. It becomes clear 
that the payload section can be further optimised potentially leading 
to a smaller spacecraft. This design also misses some structural support 
components needed to fasten components into place (see Fig.  10).

With the configuration shown the dry mass as presented in Table 
10 is 926 kg. With a 20% system margin and assuming that the harness 
is around 10% of the dry mass the total dry mass is 1220 kg.

A combined ADCS and orbit maintenance fuel of 82 kg has to be 
added. This gives a total wet mass of the spacecraft of 1302 kg.

The spacecraft fits within the payload capacities of various currently 
available launchers, considering both its mass and volume specifica-
tions. For this proposal, the Ariane 62 launcher is chosen due to the 
availability of extensive documentation. The Ariane 62 is capable of 
delivering payloads of up to 2600 kg to a trajectory towards L2.

Assuming a launcher-side launch adapter (e.g. PLA6 1194) weight of 
71 kg [149], the total mass launched is 1373 kg. The spacecraft fits into 
the lower compartment of the launch bay of the Ariane launcher family, 
leaving the upper compartment available for potential utilisation.

10. Feasibility

For the mission to be viable, it has to be feasible from a technologi-
cal and risk management perspective. There are several identified risks 
with the Aetheras mission.

Firstly, mechanical damage, production deficits, and instrument 
contamination of the telescope may slow down the project significantly 
as extensive vibrational testing and component monitoring have to 
be conducted in high ISO class clean rooms. Secondly, Aetheras may 
be unable to detect intended proxies due to unanticipated effects of 
the host star or the interstellar medium. However, this is mitigated 
by additional proxies observed in different spectral ranges, which are 
already built into the current instrument design.
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Fig. 9. Aetheras Service Module: The bottom of the service module has been removed in this view to allow visibility to the internal parts. Parts are colour coded 
with respect to the system they belong to: Green: ADCS, Blue: OBDH, Yellow: Power, Black: COM, Red: Propulsion.
Table 11
TRLs of the payload components.
 TRL PAYLOAD  
 4 Telescope & Optics 
 3 UV instrument  
 5 NIR instrument  
 5 VIS instrument  

Finally, a mission delay due to too low component TRLs at later 
stages of the project is considered. The current TRLs for the critical 
components are shown in Table  11. Most notable are the low TRL levels 
of the optical bench and the UV instrument. Due to new technologies 
used, significant effort has to be made to raise the TRL levels of 
the detector technologies. The optical path is a unique build for this 
instrument and thus requires testing of all interconnected parts [105,
106,108]. However, similar instruments have been made in the past, 
building confidence that the proposed design is feasible [110,111,114,
150,151].

Teledyne offers the H4RG-10 detector for NIR selected for use in the 
Roman Space Telescope [151]. If two of these are used in parallel, one 
can cover the required pixel space of Aetheras. This particular variant 
has not been used in space. Instead, the variant with larger pixel pitch 
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is used on the ISS [152]. Therefore, a low TRL level is assigned to 
the proposed Aetheras NIR solution. A potential candidate for the UV 
detector is a custom-fabricated Teledyne CCD201-20, as it has been 
shown to provide the needed quantum efficiencies [150]. As this is 
not a product with heritage, one has to consider significantly lower 
TRL as well as development risks. A potential candidate for the visible 
spectrum with already proven flight heritage is the Teledyne CCD47-20 
sensor [153].

Early testing of the telescope and the related optical and instrumen-
tal systems is necessary to keep track of the current development status 
of the project. The risks associated with service module systems are 
quite low as they are modelled after already flown hardware. Therefore, 
such risk is not considered in this first order risk assessment.

11. Cost

A preliminary budget is calculated for this mission, which can be 
seen in Table  12. Significant development costs are considered for the 
optics and payload system. As the service module is modelled after 
already existing or late-stage development hardware, lower costs are 
been identified.

This budget includes the support for several scientists for 4 years 
to conduct the data analysis. Launcher costs assume an Ariane 62 
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Fig. 10.  Aetheras Satellite Side Views: The service module on the bottom provides all the necessary power and data connections to the telescope payload section 
on the top. Parts are colour coded with respect to the system they belong to: Green: ADCS, Blue: OBDH, Yellow: Power, Black: COM, Red: Propulsion.
Table 12
Spacecraft costs.
 Item Cost [Me] 
 Telescope 150  
 UV Instrument 80  
 NIR Instrument 50  
 VIS Instrument 30  
 Service Module 150  
 Development/AIT 120  
 Data analysis 30  
 Launcher 75  
 Total cost with 20% margin 822  

rocket with no additional payloads. According to ESA classification, the 
mission fits the criteria of an L-class mission, reaching 822 million euros 
including a 20% margin.

12. Future work

This study highlighted several key areas that require more attention 
in the future. Firstly, the current instrumentation needs further refine-
ment with respect to the exact optics calculations to improve the design 
of the optical bench. Crucial for an instrument revision is also a more 
detailed thermal analysis, especially of the instrument bay of the space-
craft, as it significantly influences the performance of the telescope and 
its detectors. This is especially important due to the proximity of the 
UV and NIR instruments and their different operating temperatures. 
Additionally, a more detailed observation strategy has to be derived 
to calculate a more detailed fuel budget and an understanding of the 
overall schedule. With respect to the VIS channel, the possibility for 
more than one band pass filter, for example via a filter wheel or a 
sectioned sensor, could be explored in the future.
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13. Conclusion

In summary, the Aetheras mission aims to understand the com-
plex interplay between exoplanetary atmospheres, host stars, and at-
mospheric escape processes, seeking to answer questions concerning 
atmospheric escape and its correlation with exoplanet characteristics 
and their host star properties. Special interest is set to the Radius Valley 
and the hot Neptune desert, as well as the influence of exoplanetary 
magnetic fields. The system and instrument requirements have been 
derived from the given science theme and their desired scientific objec-
tives and observation requirements resulting in a 1.84m×1.8m×3.42m
sized spacecraft.

To detect proxies for atmospheric escape and exoplanetary magnetic 
fields the mission will perform transit spectroscopy in NIR (1070 nm
to 1090 nm) and UV (115 nm to 285 nm) with a 1.5m telescope, which 
enables the identification of absorption lines in the spectra of transiting 
exoplanets in front of their host stars.

For this, a satellite is placed in an L2 orbit, communicating with 
ESA’s ground station network. A first analysis of the needed systems 
and their sizing has been performed based on already existing hard-
ware. The space system has an expected mission lifetime of 3 years 
and weighs 1302 kg with an expected power consumption of 686.8W
in science mode. The current design’s only consumable need is the fuel 
for orbit maintenance and momentum dumping. Therefore, depending 
on newly discovered targets as well as the used fuel for orbit insertion, 
a mission extension is feasible.

A feasibility study shows that challenges related to component tech-
nology readiness levels and instrument contamination exist, and must 
to be further investigated. This is reflected in the presented preliminary 
budget where a significant share of costs is dedicated to advancing the 
TRL of the involved instrument technologies.

Overall, the Aetheras mission aims to greatly increase the under-
standing of the relation between host stars, exoplanets, and atmo-
spheric escape and is capable of much more.
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