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ABSTRACT

“Theon” is our answer to ESA’s M8 call for a medium-class launch slot in 2041. It provides capabilities of
ultraviolet (UV) and visible (VIS) spectroscopy with a spectral resolution of R & 100,000. Light is collected
by a 2-meter class ultralight-weighted Gregorian telescope. A deformable secondary mirror will correct residual
deviations from the g-release modeling and in-orbit reality.

Theon will host a suite of three instruments that allow high-resolution spectroscopy in the 1000...2000 A
and the 2000...8000 A regimes. A low-resolution spectrograph with an R of 5...150 between 200 and 900 nm
complements the instrumental setup. A fourth instrument could be a student-built 900 nm to 1.4 um spec-
trophotometer. Besides a strong educational aspect, this would complement existing and planned missions on
the ground and in space.

The low spectral resolution instrument is built for the rendezvous option (Theon*), where Theon flies in
formation with a starshade.’

Both mission parts, Theon and Theon*, serve a broad variety of science cases grouped around three science
pillars: FEzxoplanets and their host stars, inflows and outflows of the local baryon cycle, and the evolution of
galazies. The mission is planned to be flown in the outer Lagrange point L2 of the Sun-Earth system, a mission
lifetime is planned to be 6 years minimum, with an extension of another 3 + 3 years possible.

Our low-resolution spectrograph, which is designed for maximum throughput and optimized for the starshade
science case, can serve as a pathfinder and technology and science verification platform for the Habitable Worlds
Observatory (HWO).%3
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1. INTRODUCTION

With the Hubble Space Telescope® nearing its end of life, there is no large space telescope of high spectral
resolution planned for the ultraviolet and visible light regime for orbit in the 2030s to 2040s. At the same time,
the scientific need for high-resolution spectroscopic observation is increasing. In particular, this includes the
exploration of other worlds - such as faint point sources or planets - that either transit in front of their host stars
or appear alongside them as point sources up to 100 billion times dimmer than their central star. Theon and
Theon* are sized by two science cases: Ezoplanet transit spectroscopy and diffuse circumgalactic medium.

In the following, we will briefly present these science cases within the key pillars of the mission concept.

1.1 Science pillars of the mission

The key science pillars form the scientific framework of the mission. As a general-purpose observatory, a signifi-
cant fraction of up to 40 % of the observation time will be allocated to guest observer programs, distributed on
an application basis among observing projects of varying sizes.

Exoplanets and their host stars: detect carbon, oxygen, and other metals in the upper atmospheres of small
exoplanets (super-Earths and sub-Neptunes), establish UV profiles of their host stars, and measure bulk
compositions of rocky exoplanets via observing debris-polluted white dwarfs, magnetospheres of solar sys-
tem planets and moons.

This first pillar focuses on small exoplanets (super-Earths and sub-Neptunes) between the sizes of Earth
and Neptune, which are commonly found around other stars.>UV spectroscopy probes carbon, hydrogen,
oxygen, nitrogen, and metals in their upper atmospheres (exospheres), which are important tracers of
planetary geology. The UV cross sections are several orders of magnitude higher compared to the optical
or infrared, which enables smaller exoplanets to be probed more decisively (i.e., via much deeper transit
depths). The high spectral resolution is crucial for resolving the individual spectral lines, which will usher
in the era of high-precision atmospheric chemistry of exoplanets from space. The UV range of wavelengths
is completely inaccessible from the ground. Placing the spectrograph in space allows for absolute chemi-
cal abundances to be measured accurately due to the absence of confusion from the atmosphere of Earth
(telluric absorption). Access to Lyman-alpha (&~ 120nm) at high spectral resolution allows for the mea-
surement of stellar winds that drive mass loss and the evolution of exoplanetary atmospheres. Spectroscopy
at high resolution enables the reconstruction of the stellar UV profiles, which are critical for understanding
planetary photochemistry and atmospheric escape. In the Solar System, UV spectral lines of H, O, and
H5O trace the mass flows from potentially habitable satellites to the magnetospheric environments of the
gas plane.

Inflows and outflows of the local baryon cycle: measure composition and structure of inflows/outflows from
the interstellar medium (ISM), protoplanetary disks, massive stars, compact binaries.

The second pillar includes the study of the ISM and protoplanetary disks, where the raw materials for
new stars and the earliest phases of the planet-formation process can only be fully characterized with UV
spectroscopy. Detailed studies of the local ISM, as well as the transition to the dense phases of the ISM
where molecules become abundant, require spectral resolutions of ~ 100,000 to disentangle the velocity
structure of the solar neighborhood,® measure unsaturated spectral features, and resolve the rotational
temperature structure of interstellar molecules.” The combination of wide spectral coverage and high
resolution enables the measurement of fundamental physical properties of the ISM, such as chemical and
molecular abundances, temperature, turbulence, ionization, and dust content.?

After the interstellar gas and dust have collapsed to a protoplanetary disk, UV absorption line spectroscopy
provides direct characterization of key atomic and molecular species (e.g., H, C, N, O, CO, Hy0), including
the dominant mass component of the disk (molecular hydrogen or Hy?), providing absolute abundance
measurements without having to rely on molecular conversion factors or geometry dependent model results
inherent to emission line observations.'® At the same time, H2 fluorescence at high resolution provides a
sensitive probe of the molecular disk winds that may be responsible for angular momentum transfer during
the final stages of star and planet formation. UV spectroscopy is also critical for the study of the more
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diffuse ISM on larger scales, where the narrow absorption lines of neutral and ionized species (e.g., HI, OI,
KrI, CII, Fell, NiIl, Sill, and many others) allow the detailed study of the chemical and physical properties
of the gas.!!'12 With its high resolution (R ~ 100,000), Theon will be key to measuring the chemical and
kinematical properties of individual groups of neutral ISM clouds and unveil ISM complexity, bridging the
small and large scales in our Galaxy.

The chemical evolution of our Galaxy is driven by both massive stars and compact binaries, enriching their
environments by strong stellar winds and their end-of-life supernova, explosions.'® Many stars are born in
tight binary systems,'# but our understanding of their evolution remains incomplete.'® Compact binaries
hosting white dwarfs serve as astrophysical probes to constrain models of binary evolution. From white
dwarf masses, chemical abundances, accretion and rotation rates, it is possible to reconstruct the formation,
evolution, and final fate of the binary,' the latter being intimately linked to thermonuclear supernovae.
Detached double white dwarfs are particularly relevant as they can give rise to a supernova by spiraling
in under the effect of gravitational radiation until they finally merge. High-resolution spectroscopy across
the 1000 — 8000 A range is fundamental to detect these binaries via radial velocity variations in the narrow
core of the Balmer lines.'” Double-white dwarf systems are among the brightest sources of low-frequency
gravitational waves in our Galaxy.'® Understanding the properties of the evolution of compact binaries
is critically important in the context of the low-frequency gravitational wave signals that ESA’s Laser
Interferometer Space Antenna (LISA) mission will detect.!? Thus, there is a major scientific connection
between Theon and LISA.

Evolution of galaxies: measure composition and gas-phases of the circumgalactic medium (CGM) and inter-
galactic medium (IGM) of local and distant galaxies and the Lyman-alpha forest as constraints on the
evolution of galaxies.

The third pillar focuses on gas around and between galaxies, the CGM and IGM, which play a key role in
the evolution of galaxies.2®>2! The characteristic temperature and density of the outflowing and infalling
gas place the key spectral diagnostics in the rest-frame UV spectral window.?? Only high-resolution UV
spectroscopy can access this gas in low-to-intermediate redshift galaxies, where the angular resolution is
sufficient to study the feedback cycle between massive stars, supernovae, and gas-phase physics in detail.
Previous observations and galactic evolution simulations have shown that a spectral resolution of ~ 100, 000
and a sensitive optical system are required for resolving individual velocity components and line profiles in
diffuse galactic halos.2? This capability is essential for understanding the interaction of this gas with the
IGM. High-resolution spectroscopy from UV to optical wavelengths enables us to quantify the Lyman-alpha
forest with redshift and thereby constrain the UV background that keeps the intergalactic gas ionized?*
over 90 % of the history of the universe.

1.2 Observation and science requirements

From the science pillars above, a number of key observational requirements are defined. Those are presented in
Table 1. This is the very first set of observational requirements, and it will be extended and refined along the
mission proposal process.
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Table 1. Selected scientific objectives of the Theon mission (non-exhaustive list).

Scientific Objective Targets Scientific Outcomes /
Products
Upper atmospheres of small | ~ 50 super-Earths, sub- | Detections of hydrogen, car-

exoplanets

Neptunes and Neptunes

bon, oxygen, nitrogen and
metals as probes of atmo-
spheric escape.

UV properties of exoplanet
host stars

~ 100 exoplanet host stars,
including ~ 10 wultracool
dwarfs

Reconstruct UV profiles (as
inputs for atmospheric photo-
chemistry and escape of exo-
planets), tomography of stel-
lar surfaces, monitor stellar
flares.

Demographics of white dwarf
enrichment

~ 200 white dwarfs

Bulk abundances of a wide
range of exoplanetary bodies.

Properties of interstellar

medium

~ 500 sightlines

Gas temperature, compo-
sition, velocity, ionization
state, dust content, level of
turbulence, and gas mixing.

Three-dimensional structures
of protoplanetary disks

~ 100 protoplanetary disks

Direct measurement of com-
position and temperatures
of inner disks; atomic and
molecular disk winds.

Binary evolution and super-
nova progenitors

~ 500 compact binaries host-
ing white dwarfs (includ-
ing mass-exchanging and de-
tached systems)

Accurate white dwarf param-
eters to constrain the model
of binary evolution, iden-
tify SN Ia progenitors and
model the Galactic gravita-
tional wave foreground.

Magnetospheres of Solar Sys-
tem planets

4 Solar system ice/gas planets
and their major satellites (~
20)

Neutral and charged parti-
cle dynamics to characterize
mass transport.

Circumgalactic medium of
galaxies

~ 100 quasars at redshifts
greater than 1

Composition and tempera-
ture of multiple gas-phases
of CGM as constraints on
galaxy evolution.

Lyman-alpha forest

~ 10 sightlines

Characterize UV background
that keeps intergalactic gas
ionized.

2. MISSION DESIGN

Our ESA-MS8 mission proposal, Theon, is designed to be consistent with the M-class mission boundary conditions
of ESA’s call for mission opportunities. Within these limits and, of course, driven by the science goals of the
mission and the industrial as well as institutional capabilities of the contributing science consortium partners,
we suggest a balanced and cost-efficient mission.

2.1 Boundary conditions

We present the boundary conditions in this chapter, followed by the sizing and configuration argument for our
optical telescope assembly (OTA).
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2.1.1 ESA’s M-class boundary conditions

The most stringent boundary conditions for our mission are set by ESA’s call for mission opportunity, in other
words, by how ESA defines a medium-class mission.

Mass: The spacecraft dry mass is limited to < 1500kg.

Launcher: The medium-class mission is planned to be launched using either the Ariane 62/64 or the Vega-
C/E launcher. Alternative launch options may be considered if their feasibility can be demonstrated.
Non-European launchers procured by ESA are excluded.

Cost: ESA Cost at Completion of < 670M<€ at 2025 economic conditions.

Collaboration: Not strictly a limiting boundary, rather an opportunity encouraged by the call, is ESA’s explicit
wish to consider strong inter-agency collaboration and contributions from space agencies outside the ESA
member states.

Schedule boundaries: Schedule is, of course, also a strong boundary. Components have to be at a certain
technical readiness level (TRL) at a certain point in time. Hardware has to be manufactured and tested,
etc. So schedules have to be considered from the beginning.

This is of special importance for us also in the sense of the synergies we expect from and for two other
space missions. Those will be addressed in more depth in Chapter 2.1.3.

Table 2. Timeline for the M8 mission selection and implementation.

Activity Tentative dates Comment

Release of Call Mar 2025

Phase-1 M8-proposal submis- | May 2025 2 months to submit Phase-1 proposals

sion deadline

Shortlist of proposals re- | Sep 2025 Subset of proposals for Phase-2, following scien-

tained for Phase-2, MS8- tific ranking and considering technical and pro-

proposer notification grammatic feasibility

Workshop for Phase-2 pro- | Oct 2025 ESA briefing and one-to-one ESA feedback to

posers proposers. Member States invited to attend

Phase-2 M8 proposal submis- | Mar 2026 5 months to submit Phase-2 proposals

sion deadline

Deadline of Letters of En- | May 2026 From Member States and International partners

dorsement (as relevant)

Completion of evaluation and | Sep 2026 Technical and programmatic feasibility will be

scientific ranking evaluated by ESA

Selection of up to five can- | Nov 2026 SPC information paper on the selection of the up

didate missions for Phase-0 to five M8 candidates. The selection is made after

study MT7 selection

Down-selection to three can- | Nov 2027 Science program committee (SPC) information

didate missions paper, following Phase-0 for the five candidates

Selection of the M8 mission Mar 2030 SPC decision, following the parallel Phase-A
studies for the three candidates. Following scien-
tific evaluation and ranking and based on techni-
cal and programmatic feasibility, including con-
firmed support by Member States and Interna-
tional partners (as relevant)

Adoption of the M8 mission | Nov 2032 SPC decision, following Phase-B1

MS8 launch 2041 Actual launch date will depend on the selected
mission
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2.1.2 Scientific boundary conditions

In this paper, we focus on the exoplanet in transit science case, as it plays a central role in shaping the early
mission and telescope design. The diffuse medium case, which will be equally challenging, will be added towards
Phase-2 of the mission proposal. For the mission’s orbit, the following two main drivers are determining the
proposed setup:

Geocorona: The mission must be placed well outside the Earth’s exosphere to avoid measurement contamina-
tion from absorption or emission caused by our local space environment, the geocorona. As the hydrogen
corona extends far beyond the Moon’s orbit,?® as measured by the SOHO spacecraft,?S the mission must
be located at either the first or second Lagrange point of the Sun-Earth system to mitigate this effect.

Starshade option: In order to be starshade-ready - i.e., prepared for a high-precision formation flight with a
large, flower-shaped occulter - it is advantageous to operate at the second Sun-Earth Lagrange point. At
L2, the starshade can be positioned so that its backside, facing the receiving Theon telescope, remains
permanently in shadow, shielded from direct sunlight. This geometry not only ensures optimal optical
performance but also provides a thermally stable environment and minimizes stray light from the Sun.

Considering both mission constraints, the second Lagrange point presents the most favorable configuration.

2.1.3 Programmatic boundaries

Theon and Theon* are prepared by the Pathfinder micro-sat mission BavariAE.?” A mission based on funding
from the state of Bavaria. BavariAE aims to measure chords through the Earth’s exosphere and upper atmosphere
from a high orbit using the Sun as a source. The Pathfinder mission’s data will allow for testing and validation of
exoplanet transit observation methods under well-known conditions. It aims for a resolution of R = 200, 000 and
covers the wavelength range from 2000 to 8000 A, similar to Theon in terms of spectroscopic capabilities. While
BavariAE is not setting any schedule constraints on Theon, the goal is to have first commissioning and science
verification data from BavariAE available before the final selection of the M8 mission for a Phase-A study. This
selection is planned for March 2030 according to Table 2.

Looking beyond the Theon* mission, key technologies - such as the low-resolution rendezvous spectrograph
proposed for our ESA’s M8 mission, along with the instrumentation for starshade acquisition, communication
to the starshade, and closed-loop formation flying with the starshade - can be tested and matured alongside
Theon*. This is intended to allow a rendezvous with a starshade also for the Habitable Worlds Observatory.
From a broader programmatic perspective, BavariAE can be seen as the precursor preparing the field for Theon,
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Figure 1. Model spektrum of TOI-2076b in the UV-VIS spectral region.
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while Theon - together with its extension Theon* - serves to prepare and de-risk the path toward the ultimate
goal: the Habitable Worlds Observatory.

2.2 Sizing the telescope

For Phase-1 of the proposal process (answer to ESA’s call for mission opportunity), we perform a preliminary
sizing of the mirror based on TOI-2076b: a sub-Neptune with a radius of 2.5 Earth radii, an orbital period of
10.36 days, and a transit duration of 3.25 hours.?® The host star is a KO main-sequence star with an effective
temperature of 5200 K and a metallicity consistent with solar.?® It is located about 42pc away and has a
visual magnitude of V = 9.24.29 A transit duration (avoiding ingress and egress) of 2.5 hours is assumed.
The goal is to achieve a signal-to-noise of S/N > 6, per resolution element, in 5 transits at a wavelength of
3000 A and at a resolving power R = 100,000. For this estimate, we adopt a simulated spectrum spanning
1500 — 9000 A 30 which yields predicted spectral line depths on the order of 0.1%. The simulated absorption
spectrum is presented in Figure 1. The model is constrained by the limited set of atomic species and transitions
included in the computation. Within this framework, typical line depths are about 1% near 3000 A and decrease
to ~ 0.1 % around 4000 A.

A model spectrum of TOI-2076 is shown in Figure 2. The model was taken from the PHOENIX model
library.?! The PHOENIX models do not account for the stellar chromosphere and therefore do not show chro-
mospheric emission and continuum. They are therefore not representative for the region below 2000A. A
maximum flux of ~ 3200 photons/s/m?/A is found at the yellow part of the spectrum around 6000 A. Below
3000 A, the stellar flux is decreasing quickly by several orders of magnitude. Especially the bound-free absorption
edges of Mg, Al, Si, and finally C are dramatically decreasing the flux as we go to smaller wavelengths.

Figure 3 shows the same flux model scaled by a resolution element of R = 100,000. Donating on the order
of 540 photons per second and 2m aperture at 6000 A and 85 photons at 3000 A. At 2000 A the stellar flux is
already diminished to 1 photon every 10 seconds. The zoom in Figure 3 shows a 100 A wide window at 2500 A.
The spectrum is full of lines, and no flat continuum is visible in cool star spectra.

While we present the calculation of the proposed telescope and instrument configurations’ efficiency in Chap-
ter 3, we show the calculated S/N per resolution element in Figure 4. Detector noise is ignored for this calculation
as we are (mainly) in the high photon number case where shot noise described by the Poisson process is dominant.
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Figure 2. PHOENIX model spectrum of TOI-2076.
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Figure 3. PHOENIX model spectrum of TOI-2076, scaled by a resolution element of R = 100, 000.

Multiplying flux per resolution element with the assumed (conservative) telescope and spectrograph through-
put, we calculate the S/N achieved on a 0.1% deep line within 5 orbits with a length of 2.5hours each and
present the results in Figure 4. The straight red line in Figure 4 shows the S/N = 6 limit we set as a preliminary
requirement to size the mission aperture. The assumptions for system efficiency were those with an existing,
cataloged detector3? (Figure 7 right-hand side). S/N > 6 is achieved above 2888 A.

2000 4000 6000 8000
Wavelength [4]

Figure 4. Calculated S/N achieved in 5 orbits of 2.5 hours duration each with a 2m aperture telescope. The dashed red
line marks the S/N = 6 threshold, defined as a preliminary requirement for sizing the mission aperture.
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Figure 5. Gregorian 2m telescope design. M1-M2 distance is 2050 mm. Secondary mirror diameter is 125 mm.

3. TELESCOPE AND INSTRUMENTS

In this chapter, we describe the telescope and instrument configuration planned for Theon. The focus is on the
optical configuration, its testing, and its efficiency and robustness.
For Theon*, a starshade ready package is briefly described.

For the Phase-1 proposal, we have used simple flat efficiency assumptions over the whole Theon wavelength
range. We will show these as a reference and start to add the first “more realistic” data based on existing
components in this paper.

The general conceptual idea we follow for the optical telescope assembly is the one described by the existing
Hypatia-STOIC study.?® Utilizing a large, extremely lightweight primary mirror and accounting for zero-gravity
residuals by applying in-orbit wavefront correction. The STOIC deformable mirror (DM) is one example of a
space-grade deformable mirror that has been studied and developed by the Fraunhofer-Institut fiir Angewandte
Optik und Feinmechanik (IOF) Jena in Germany. It currently has a TRL of 5 in the visible. The German
Aerospace Agency DLR is currently funding a full-scale industry study, led by the Theon team in Munich, on
the application of this concept to a 2-meter class, Gregorian, UV-visible space telescope. The study schedule is
compatible with the Phase-2 proposal timeline and the selection process towards Phase-A.

3.1 The Theon telescope

For Theon and its extension Theon*, a warm (0°C) Gregorian telescope configuration has been selected. The
design incorporates the previously determined primary mirror size (see Section 2.2), providing a light-collecting
area equivalent to 2.0m per field point. Figure 5 presents the draft design developed for the Phase-1 response
to the call. The compact optical layout, with a distance of only 2050 mm between the primary and secondary
mirror, enables an f-number of 18 using a 125 mm diameter secondary mirror.
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The choice of a Gregorian design is based on the following arguments:

e Gregorians are relatively easy to align and robust with respect to launch loads and assembly procedures.

e The optical system aperture is located on the secondary mirror, which is therefore the ideal place to correct
aberrations. These aberrations that need to be corrected are mainly emerging from residuals of the gravity
release that are imperfectly modeled and cannot be fully tested on the ground. These residuals are expected
to be non-negligible for an ultra-lightweight telescope, which was shown in the Hypatia/STOIC study.

As the telescope operates close to room temperature, we do not expect large residuals between thermal
on-ground testing and in-orbit thermal performance.

e The design also allows us to independently test the primary mirror and the path down from the in-
termediate focus, over the secondary mirror, and to the instruments, by means of computer-generated

holograms (CGHs) in the primary focus. The primary mirror and the rest of the system are aligned using
CGHs.

e Gregorians show superior baffling and stray light reduction properties. This is especially important for the
Theon* application looking at a very dim source next to its host star. The latter still exhibits substantial
leakage around the starshade, reaching levels comparable to the brightness of the planetary source.

Besides the stated optical and optomechanical reasons for choosing a Gregorian design, the possibility of
splitting the test up- and downstream of the primary focus is of importance. Since the tests are conducted close
to room temperature, dividing the system into two “halves” can significantly reduce testing costs while also
lowering schedule and program risks.
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Figure 6. Upper panel: STOIC mirror model at IOF. For visible/IR, the model can be considered TRL5. For UV /visible,
TRL3 can be assumed. Lower left: Ideal 80 % encircled energy (EE80) over a 2 x 2 arcmin FoV. Lower right: EE80 after
random distortion of 3 waves on M1 and correction on the secondary mirror.

Please mind the different scales in the lower two plots.
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Table 3. Assumptions on telescope and instrument components efficiencies.

M1 reflectivity 0.85 || Number of mirrors in instrument 3
M2 reflectivity 0.85 Grating efficiency 0.70
FP-Assembly throughput | 0.80 Detector efficiency 0.50
Spectrograph efficiency 0.17 Cross disperser throughput 0.80
Total efficiency 0.10 Total instrument efficiency | 0.17

Omne can even consider encoding effects of refraction (on possible refractive components), as well as temper-
ature effects between room temperature and operational temperature, into the CGHs wavefront. This would
allow to (pre-) test the system warm in the lab. The cost and risk reduction implications are obvious.

An active secondary mirror, based on an Euclid-type®* secondary mechanism, is assumed to be similar to
what has been developed by IOF Jena for the Hypatia/STOIC study. A first test with deformations up to Zernike
coefficients of order 5 (e.g., Pentafoil) has been performed over a 2 x 2 arcmin field of view (FoV). Two microns of
distortion were put on the primary mirror and corrected by an active secondary. This idealized modeling shows
that the field center can be corrected well and that the concept holds. Details will be part of the DLR-funded
industry study on the feasibility of the 2m telescope within the M-class framework. Figure 6 shows a model of
the STOIC mirror at IOF, the undisturbed image quality, and the image quality after correction.

The DM can not only be used to correct the wavefront, but also to adapt the image size to fill the spectrograph’s
apertures optimally. This is an application of the DM that will be studied together with the feasibility of the
telescope concept.

For the Phase-1 proposal, we have used the wavelength-independent assumptions presented in Table 3. Those
yield a total telescope plus instrument throughput of ~ 10 %.

A first slightly more elaborate efficiency calculation is made based on the conservative, and well understood,
Hubble Space Telescope coating.?® A throughput of the focal plane assembly (FP-Assembly), distributing the
light to the individual instruments, is assumed to be 80 %. This is conservative for fiber losses and for the likely
use of a beam splitter to separate light for acquisition and guiding. The result is shown in Figure 7.

3.2 The Theon instrument suite

A suite of three science and two technical instruments is foreseen. All science instruments are driven by UV
transmission and efficiency.
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Figure 7. Telescope throughput not taking into account the secondary and spider vignetting.
Left: With 50% flat quantum efficiency (QE) detector. Right: With an existing delta-doped detector.*?
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The instruments planned for Theon and Theon* are:

DUVES, the deep UV Echelle spectrograph: A spectrograph with a resolution of R = 30,000 covering
the wavelength range from 1000 to 2000 A. It will be directly coupled to the focal plane to avoid additional
bounces or refractive losses. Grating and detector variants are under study. A trade-off between micro-
channel plate (MCP) coupled charge-coupled devices (CCDs) and delta~-doped silicon detectors will be
performed. A compact Echelle spectrograph design using a fused silica prism as a cross-disperser is currently
the baseline.

HIRES, the optical high-resolution Echelle spectrograph: An Echelle spectrograph (R = 100,000) cov-
ering the wavelength range from 2000 up to 8000 A. An extension to 9000 A is under investigation as a
goal. A classical white pupil design is currently the baseline, as this allows efficient grating stray light
suppression, especially in the case of bright stellar sources with a high dynamical range from the UV to
the VIS spectral range. A fused silica prism will be used as a cross-disperser. Delta-doped and gradient-
coated complementary metal-oxide-semiconductor (CMOS) detectors and Echelle gratings with structured
grooves to optimize throughput over a wide bandwidth are the current baseline. For CMOS-based de-
tectors, a readout scheme that allows for optimizing integration time for the varying flux of the source is
planned.

Fiber-coupling of this instrument is currently under investigation to allow for a relatively simple topology
during integration and avoid the need to have several directly coupled instruments in co-focal configurations.
Fiber coupling will also allow to test the instrument independent of the telescope and focal plane assembly.
Reducing test and integration time, thus reducing risk and cost. Even a short, e.g., octagonal, fiber can
also help to scramble the light towards the spectrograph input aperture and allow for a highly stable
illumination pattern, allowing for better wavelength calibration and stability.

RSPEC, the rendezvous spectrograph: The reflected light science case in the starshade rendezvous scenario
requires a highly efficient low-resolution spectrograph. This R = 5—150 rendezvous spectrograph will cover
the wavelength range from 2000 to 8000 A. Again with a goal of reaching out to the red to 9000 A. A
design with only a single optical element, a convex freeform grating with binary optics characteristics, and
structured groove shapes is under investigation. This would allow for maximum throughput and could
generate margins for a beam splitter separating out some light for guiding and starshade maneuver flying.
Micro-lenses on the detector can help to set the resolution right, especially in the lowest resolution UV
part of the spectrum.

AGWCam, the guiding, acquisition, wave-front sensing and rendezvous maneuver camera: This
system will work redward or in a selected band within a wavelength range that is less important for the
science of the wavelength covered by the instruments. It will offer a pupil imaging mode for starshade
formation flying.

SAC, the starshade acquisition camera system: Similar to a star tracker, this system will be used for
coarse alignment with the beacon launched by the starshade. The guiding and acquisition camera system
will take over once coarse alignment is reached.

Student project: One further instrument, a red light to NIR spectrophotometer with very low resolution of
about 20 or less, could be added as a student-provided instrument, giving the mission a large educational
aspect. This fiber-coupled instrument would cover the spectral region from 800/900 nm to ~ 1.4 micron.
Science-wise, this would allow for a larger overlapping wavelength regime with the James Webb Space
Telescope®S(JWST) and the huge ground-based facilities that are to come for infrared astronomy. It
would not add any driving requirements and could be replaced by a mass dummy all along the mission’s
development phases until launch.
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Fiber coupling is desired for the HIRES and RSPEC instrument for two reasons:

1. A small Integral Field Unit (IFU) type (5-7 fibers) configuration would allow to measure and subtract solar
system and exo-zodiacal and other parasitic light.

2. As for the workhorse HIRES spectrograph, fiber coupling allows the independent test of the instrument
before integration to the focal plane, and eases topological issues near the focal plane and when integrating
and aligning the instruments.

Redundancy concepts will be examined for all instruments except the far-UV Echelle spectrograph (DUVES).
It is considered the most cost-effective way to minimize reliability issues in components such as adhesives and
electronics, while ensuring the telescope and its instruments maintain strong long-term performance.

All three science instruments share one focal plane unit, distributing light to the instruments. To keep
integration and testing as modular and efficient as possible, two of the instruments (HIRES and RSPEC) are
fiber-coupled by short (~ 25cm) UV-visible grade optical fibers. Including reflection losses at the fiber ends,
those fibers will cause < 15% light losses — about the same amount as a single Hubble-type MgF2-coated
aluminum mirror would cause in the deep UV regime. In this configuration, only DUVES is directly coupled to
the focal plane, allowing maximum throughput in the lowest wavelength region that suffers most from additional
optical elements. Our goal is to keep detector technologies and readout electronics requirements similar in all
UV channels to allow the re-use of concepts and components in the various instruments.

The efficiency of the high-resolution spectrographs HIRES and DUVES is calculated under the following
assumptions:

Mirrors: For the 3 mirrors in an Echelle spectrograph, we assume a Hubble-type coating, identical with the one
assumed for the telescope itself. As the bandwidth of the instruments is smaller than that of the telescope,
more optimized coatings will gain us throughput in future iterations of the design and its evaluation.

Echelle grating: The Echelle gratings efficiency is assumed to be 70 % flat. This is underestimating the peak
efficiency and overestimating the rim of the orders. Shaped groove gratings can deliver very broadband
high efficiency values. We will definitely consider the use of such gratings in the future.

Detector: Delta-doped CCD and CMOS detectors achieve superior quantum efficiency in the near-UV regime
down to at least 200 nm. We are working on detailed models, including gradient coatings on the detectors.
For Phase-1 of the proposal, we are using a conservative 50 % flat detector quantum efficiency.

Cross disperser: For the cross disperser, and its anti-reflection coatings, needed in an Echelle spectrograph,
in our case, most likely a fused silica prism, we assume a throughput of flat 80 %.

With these assumptions, we achieve a preliminary efficiency as shown in Figure 8. By applying an existing
delta-doped detector®? (compare Figure 8 right), we obtain a peak efficiency of 29 % at 3092 A and an efficiency
of 20 % at 2500 A. The efficiency used for the Phase-1 proposal was assumed to be flat at 17 % (see Table 3).

3.3 The starshade ready package

In the first stage of the proposal process, getting from Theon to Theon* is covered by the NASA-JPL activities
to make the Nancy Grace Roman Space Telescope (RST) ready for a starshade rendezvous in the future. This
has been in-depth studied by JPL, and we rely on this knowledge that will later be refined and applied to our
case.

It is important to notice that Theon* is an addendum to the Theon core mission, which is completely
standalone in its scientific value and yield. The mission would benefit tremendously from a starshade, but it
would not suffer from the rendezvous not happening.
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Figure 8. Spectrograph(s) throughput. Left: with 50 % flat QE detector. Right: With an existing delta-doped detector.??

3.4 Instrument control and data handling

All instruments will need data processing units (DPUs). A global instrument control unit (ICU) will serve as
payload control and infrastructure device, providing power for the instruments and heaters, etc. The DPUs and
ICU will have active and redundant sides.

A trade-off study will be performed to determine the appropriate level of on-board data processing. As both
frame rates and frame sizes for high-resolution Echelle spectroscopy are moderate, a downlink of all compressed
raw frames seems feasible. For low-resolution spectroscopy, the spectral information and detector real-estate is
even smaller, exposure times are longer, it is therefore likely to download all raw image frames.

Guiding and potential starshade formation flying will require onboard quasi-real-time processing. Again,
the relevant part of the detector containing information is limited, therefore, no problems in data storage and
handling are expected.

Special operational modes, such as the wave front correction process using the secondary mirrors’ active
surface, will be done partly in orbit and partly by the operation team on the ground. As this procedure will have
to take place mainly during the commissioning phase and a few times along the mission, this is our preferred
approach, not relying on fully autonomous systems.

3.5 First budgets

The spacecraft will fly in a Lissajous orbit around the L2 Lagrange point of the Sun-Earth system. The gravity
environment of the FEarth has to be avoided, and starshade rendezvous maneuvers in other orbits are hardly
realistic. L2 is superior to L1 because the Earth and the Sun are aligned, thus avoiding the Earth as a source of
light contamination in terms of both reflected light and the Earth’s geocorona.

The mission lifetime is assumed to be 6 years (nominal) with 343 years of extensions. As we plan to use CMOS
detectors, the aging of the detector is easier to cope with than for CCDs. All hardware will be designed to have
a possible lifetime of 8 years or more. Consumables will also be budgeted for 8 years of operation. First budgets
for Telemetry (TT&C), Altitude Orbital Control System (AOCS), Central Data Management System (CDMS),

Table 4. First estimates for on board budgets.

Abbreviation Budgeted item First Estimate excl. Margins
. 100 GBits/day science
TT&C Telemetry and Telecommanding 10 Gbits/day commanding and health
AOCS Attitude Orbit Control System 33 mas
CDMS Central Data Management System 200 Gbit
EPS Electrical Power System 115 W
RCS Reaction Control System 100 kg Hydrazine, 75 kg cold gas
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Table 5. First estimates for spacecraft component masses.

Budgeted item | Mass budget Comment
OTA 500 kg including support structure
HIRES 50kg Instrument & warm electronics
DUVES 40kg Instrument & warm electronics
RSPEC 10kg Instrument & warm electronics
Service module 800 kg Euclid like®*

Electrical Power System (EPS), and Reaction Control System (RCS) have been estimated and are presented in
Table 4. Based on an estimate of 15kg/m? for the aerial density of the primary mirror, an OTA mass of 10
times the primary mass was estimated to be approximately 500 kg. Instrument masses are estimated in Table 5.

The most critical budget is clearly the OTA itself. Its feasibility is the key point of the mission. We have
records of 2m class silicon carbide (SiC) telescopes with similar optical configurations that have OTA masses
below 400 kg. This possible supplier estimated the mass of the OTA and the back structure for our current draft
design to be 382kg. This leads to > 20 % margin with respect to the 500 kg assumption taken in Table 5.

4. THEON IN THE MISSION LANDSCAPE

Theon and Theon* are not alone out there. Many successful science missions are in operation or programmed,
and many are undergoing a proposal or selection process. In this chapter, we will briefly discuss synergies,
competitions, and paths that can lead to greater science enabled by Theon and Theon* embedded in the complex
and heterogeneous landscape of space and ground-based projects.

4.1 Mission landscape

With the Hubble Space Telescope nearing the end of its decades-long successful orbital life, space-based UV
high-resolution spectroscopy will not be possible any longer. We will therefore lose an important wavelength
regime for exploring the universe.

At the same time, huge ground-based facilities like the European Southern Observatory’s (ESO) Extremely
Large Telescope (ELT) are planned to see first light in the early 2030s. This will allow more survey work to be
performed by the then second largest sized telescopes like the four Very Large Telescope (VLT) units, the Subaru
telescope, the Keck telescopes, or the Gran Telescopio Canarias (GTC).

The importance of maintaining access to the UV window is demonstrated by the multitude of small missions
that have been proposed by several space agencies across the world. The Indian space agency is planning the
INSIST?” mission. NASA is launching the UVEX?3® mission, which is an all-sky survey of galaxies and transients.
The Israeli space agency has approved the launch of the ULTRASAT?Y mission in 2026, which will mainly study
gravitational wave sources and high-energy astrophysical phenomena. The Canadian mission CASTOR* is
scheduled for launch in the late 2020s with a broad slate of science cases. All of these mission concepts have
mirror sizes of about 1 m or smaller and spectral resolutions of ~ 1000 or less.

And, for high-resolution UV-spectroscopy and exoplanet science, NASA’s flagship mission Habitable Worlds
Observatory is in its early definition phase, aiming for a Mission Concept Review (MCR) in 2029.

Our mission proposal, with its launch in 2041, fits nicely in the gap between the small aperture photometric
missions and the HWO flagship that shall be launched in 2045.%3

Another mission that is most likely re-proposed for ESA’s M8 call, and that was proposed for M5 and M7
already before, is the French-led Arago®! mission concept. Arago proposes UV spectropolarimetry with a resolv-
ing power of at least ~ 10,000 paired with a 1 m mirror. The multi-reflection optical design of Arago required
to achieve polarimetric capability necessarily reduces the sensitivity of the instrument to fainter exoplanet host
stars, protoplanetary disks, and extragalactic sightlines. To fulfill our scientific goals, a resolving power of
~ 100,000 and a larger mirror size (2 meters) of Theon are necessary. It is important to note that the Theon
mission does not perform polarimetry, only spectroscopy.
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For the synergies with already flying or programmed missions, we want to highlight the successful TESS*2
and almost ready to be launched Plato*? missions that are perfect target finders for the exoplanet science of
Theon and Theon*. The Ariel** mission that will characterize a large number of transiting exoplanets in low
resolution and is planned to be launched in 2029, will help to further characterize and select the best targets
for Theon and Theon*. Last but absolutely not least, the JWST?% is able to do infrared low- to mid-resolution
spectroscopy of exoplanet targets. And it is a perfect complement to the UV capabilities that Theon and Theon*
will offer.

Leaving the field of exoplanet science, the eROSITA® and Athena’® missions delivered and will deliver
excellent data and objects that need UV high-resolution complementary data.

4.2 Starshade considerations

Using basic starshade scaling relations' from a starshade that has a total diameter of 60m tip-to-tip for a 6 m
class HWO concept covering the wavelength from 500 to 1000 nm reduces in size significantly for a 2m UV-VIS
telescope.

A rendezvous starshade for Theon* at a wavelength of 250-600 nm would have a tip-to-tip size of
the order of 20 m. If one restricts the red cutoff of the wavelength range closer to the UV, the
starshade could be even smaller. Still a large structure out in space, but significantly less complex
and risky in most aspects of starshade design and deployment.

Maneuver flying will remain challenging to a level that is similar to the HWO case, but with the LISA4”
space interferometer being developed currently by ESA, this aspect can be considered solved technically by the
time M8 Theon will be launched. The technology of starshade formation flying is also developed at JPL and has
reached TRL5.4®

4.3 An evolutionary path to habitable worlds

In the landscape laid out above, Theon and its rendezvous extension Theon* can be seen as a sequence or path
of missions:

1. BavariAE will enable us to validate our models and improve our understanding of the Earth’s exosphere
and of reflection spectroscopy from the Earth’s surface in an almost laboratory clean way. With its spectral
resolution of about twice the one desired for Theon, it will allow to verify the resolution “really needed”
for exoplanet spectroscopy.

2. Theon and Theon* will allow a large variety of science explorations in the post-Hubble era. For the defining
science case of exoplanet transit spectroscopy, it will explore a large variety of planets down to super-Earths.
For reflection spectroscopy using a starshade and a highly efficient low-resolution spectrograph optimized
for this science, it will explore not only a number of Earth-sized planets but also mark an important
step on the way to the Habitable Worlds Observatory. Flying about 1/2 decade prior to HWO starshade
technology, the rendezvous spectrograph and mission parameters can be matured, and the starshade for
HWO de-risked dramatically. This, with a starshade only one third of the diameter and one tenth of the
area as the one needed for HWO later.

3. The Habitable Worlds Observatory, envisioned as the ultimate flagship for exploring Earth-like exoplanets,
could build upon RSPEC and the design, implementation, and operational lessons learned from Theon*.
RSPEC could effectively serve as a blueprint for a low-resolution spectrograph for HWO.

5. SUMMARY AND CONCLUSION

We have presented a mission concept and early design considerations for a 2-meter class UV-VIS space observatory
concentrating on high-resolution spectroscopy. An extremely lightweight telescope is needed that will most likely
require in-orbit wave front correction by a deformable mirror. We base an ongoing industry study for the
feasibility of this concept on the Hypatia & STOIC study.??
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All five instruments, three science instruments and two technical instruments, are optimized for high UV
throughput and implement concepts that allow for independent instrument test and not overly complex in-
tegration to the spacecraft’s payload module. We try to keep detector technologies and readout electronics
requirements similar in all UV and UV-VIS channels to allow the re-use of concepts and components in the
various instruments. The option of flying a sixth instrument, a student project designed and built, a red light
to NIR spectrophotometer is kept, but only sets goals and has no requirements for the mission components.

For the Phase-1 answer to ESA’s call, we used very conservative assumptions on throughput and detector
efficiency. With this paper, we present one step in the direction of more realistic, yet safe, assumptions.
We find a total efficiency of our system of < 15% between 2800 and 6500 A. Compared to the well explored
efficiency of Hubble’s STIS instrument in the H230 grating configuration, which has a peak efficiency of 0.5 %
and goes down to 0.2% at 3000 A, we suggest to have a 25 to 60 times higher throughput. Combined with
the much longer simultaneous wavelength coverage, we increase observation efficiency by a factor of significantly
more than 100.

To current knowledge, the mission is feasible, scientifically highly beneficial, and it closes the gap that Hubble
will leave when decommissioned. As currently around 40 % of Hubble’s time goes into UV high- and medium-
resolution spectroscopy, keeping this gap open would be highly detrimental for the scientific community.

5.1 Programmatic longer term view on Theon and Theon*

On a longer time scale and broader mission landscape view, Theon and Theon* with the RSPEC spectrograph and
the technical rendezvous instrumentation package would not only be a great exoplanet transmission spectroscopy
facility, but also a mighty step-stone on the way to starshade-supported exoplanet research with future large-scale
facilities such as the Habitable Worlds Observatory.

As the knowledge to design and manufacture starshades is present at JPL*%5% and Northrop Grumman,
is time to do one. And why not start with a 20m starshade that is significantly smaller and needs a much less
powerful bus than the one for a 40 — 60 m class HWO starshade.

51,52 it

HWO does not need the Nancy Grace Roman space telescope®® and its technology demonstrator coron-
agraph (CGI) to be successful. But with the prospective success of the Roman mission and its tech demo,
confidence that this can be done for HWO as well will increase substantially.

Theon* and its low-resolution rendezvous spectrograph can be the demonstrator and learning-how-to-do-things
engine for starshades, as Roman and CGI are for coronagraphy.

Theon and Theon*: What UV is what you see.
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