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ABSTRACT

The Large Interferometer For Exoplanets (LIFE) is a proposed space mission that enables the spectral charac-
terization of the thermal emission of exoplanets in the solar neighborhood. The mission is designed to search
for global atmospheric biosignatures on dozens of temperate terrestrial exoplanets and it will naturally investi-
gate the diversity of other worlds. Here, we review the status of the mission concept, discuss the key mission
parameters, and outline the trade-offs related to the mission’s architecture. In preparation for an upcoming
concept study, we define a mission baseline based on a free-formation flying constellation of a double Bracewell
nulling interferometer that consists of 4 collectors and a central beam-combiner spacecraft. The interferometric
baselines are between 10-600 m, and the estimated diameters of the collectors are at least 2 m (but will depend
on the total achievable instrument throughput). The spectral required wavelength range is 6-16 pm (with a goal
of 4-18.5 pm), hence cryogenic temperatures are needed both for the collectors and the beam combiners. One
of the key challenges is the required deep, stable, and broad-band nulling performance while maintaining a high
system throughput for the planet signal. Among many ongoing or needed technology development activities, the
demonstration of the measurement principle under cryogenic conditions is fundamentally important for LIFE.

Keywords: Nulling, Interferometry, Space, Mission, LIFE, exoplanets

1. INTRODUCTION

Some of the key goals of modern astrophysics include understanding the nature and diversity of terrestrial-
type exoplanets, determining whether and how such objects could be habitable, and addressing the question
“Are we alone?”. To achieve these goals, we require ways to probe the spectra of a large number of temperate
terrestrial exoplanets. Currently, we have obtained information about small exoplanets only for a limited number
of transiting objects through transmission spectroscopy or secondary eclipse observations with telescopes such as
the James Webb Space Telescope (JWST).!™ Yet these are worlds far different from our own as they typically
orbit around low-luminosity M-stars and feature much warmer conditions. Even for the most promising objects a
detailed atmospheric characterization and the search for biosignatures is extremely challenging® and investigating
systems similar to Sun-Earth is not achievable using existing methods and current instruments.

As seen from Earth, most exoplanets do not transit their host stars. Consequently, the search and charac-
terisation of these systems require direct imaging techniques that can access the spectra of a planet directly.
To enable this observing technique three criteria need to be met: high contrast to remove most of the light of
the host star, high angular resolution to separate the planet signal from that of the star, and high sensitivity in
order to collect the relatively few photons from the planet. While there are a few instruments being developed
for ground-based telescopes that should detect a handful of planets (such as METIS on the Extremely Large
Telescope®), the last requirement indicates that this objective is best suited for a space mission. Based on the
2020 decadal survey from the US astronomy community, a large, UV to NIR coronagraphic space telescope,
currently called the Habitable Worlds Observatory (HWO), is being pursued by NASA, aiming to achieve the
necessary contrasts of 1070 to image an Earth-like planet around a Sun-like star in reflected light at optical
wavelengths.”

However, there is another path forward that leverages the relatively lower contrast requirement in the mid-
infrared (MIR) spectral band: a space-based nulling interferometer. Nulling interferometry is a concept whereby

Further author information: (Send correspondence to glauser@phys.ethz.ch)
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two or more separate apertures are combined with relative phase shifts imposed between the different beam
trains, such that light from the on-axis target (i.e., the system host star) is destructively interfered while light
from the off-axis target (i.e., the exoplanet) is constructively interfered. The angular separation of the first
constructive maximum depends on the wavelength and the separation distance of the apertures (the nulling
baseline). This baseline can be optimized for each target, e.g., to maximize the detection yield of planets within
the habitable zone. One prominent concept of nulling interferometer is the double-Bracewell interferometer®
where the light of four apertures is first nulled pairwise by introducing an achromatic w-phase shift before it
is cross-combined with the other pair with an additional 7/2 phase offset. Because the apertures are spatially
sufficiently separated, nulling interferometry can provide the angular resolution required while working at MIR,
wavelengths. The idea of a space-based MIR nulling interferometer is not new, having been pursued by both
NASA and ESA in their TPF-I?'° and Darwin'' 2 mission concepts in the early 2000s. Unfortunately, due to
a lack of clarity on the scientific yields of the missions and low technological immaturity, both missions were
abandoned by the end of the 2010s.

Since 2017, there has been a revival of the idea in the form of the Large Interferometer For Exoplanets (LIFE),
a space mission leveraging the heritage from TPF-I and Darwin, but folding in new technologies and the current
knowledge of exoplanet science. The project has been gaining significant momentum worldwide as showcased
by a rapidly growing number of papers published in the LIFE paper series.'® 24 Furthermore, thanks to LIFE,
the topic of directly detecting small temperate exoplanets at MIR wavelengths is featured as a candidate for a
future mission in the Voyage 2050 program of the European Space Agency ESA.25 26

In this paper, we aim to provide the community with a summary of the current baseline concept of LIFE,
covering the key requirements and preliminary architecture of the collectors and combiners. We also describe the
ongoing technological development for the mission, and current open questions and tradeoffs that are required
for the adoption of mission parameters.

2. KEY MISSION PERFORMANCE REQUIREMENTS

Most requirements for the LIFE mission presented in the following are either derived through simulations carried
out within the LIFE team or, where still valid, they are inherited from the former Darwin/TPF-I concepts.
In the final stages of the Darwin and TPF-I concept phases, both missions converged on very similar mission
baselines (see Section 3.1). The requirements of both concepts were derived based on science goals which required
the detection and characterization of a specific number of Earth-like exoplanets in the habitable zone (HZ). For
Darwin it was ~ 25 Earth-like exoplanets,'? for TPF-I it was searching 150 HZs with 90% completeness.?”
Furthermore, the capability to detect habitability tracers and bio-signatures in the atmospheres of these planets
was required. As empirical occurrence rates of rocky habitable zone planets were not available at that time, the
teams relied mainly on comparative studies which preferred concepts that provided higher completeness (the
ability to detect an exoplanet if it is present) in the habitable zones of their target stars. While useful in itself,
this approach could not quantitatively link the number of detected and characterized exoplanets to key mission
parameters.

In the decade following the conclusion of Darwin and TPF-I, two advances in the field revived the space-
based mid-interferometry community and subsequently allowed us to formulate the missing link in the mission
requirement discussion. Firstly, while the Kepler mission did not fully meet its objective to statistically mea-
sure the frequency 74 (occurrence rate) of Earth-sized planets in the HZ around Sun-like stars,?® subsequent
analyses were able to provide robust estimates on 74.2° 33 Using these estimates, work carried out by the LIFE
team commenced to connect key mission parameters to the expected rocky exoplanet yield in the habitable
zone!3 18:34 (see Figure 1 left) using the custom-built mission simulation tool LIFEsim.'* Secondly, advances in
the atmospheric modeling of terrestrial planets as well as multi-parameter fitting techniques enabled so-called
spectral retrievals of Earth-like planets in the mid-infrared. Synthetic spectra of solar system terrestrial planets
are used to constrain the quality of the spectra (in terms of noisiness, wavelength coverage, and spectral resolu-
tion) needed to robustly retrieve relevant planetary properties (radius, ground pressure, and temperature) and
atmospheric constituents (e.g., COz, Oz, CHy, H20).1%:3% This approach was subsequently empirically validated
on disk-integrated Earth spectra observed from Earth observation satellites.?® Table 1 provides a snapshot of
the current key mission requirements and performance metrics, the components of which will be elaborated on
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Figure 1. Left: Illustration of how the results of the Kepler mission inform key mission parameters of LIFE. Points
plotted are an artificial rocky planet population based on Kepler statistics®®37 occurring in their respective habitable
zones generated using P-Pop.>* We plot their respective star-to-planet flux contrast ratio measured at 10 um over the
angular separation at which they occurred. The colors trace the planet’s apparent 10 um Vega-magnitude and planets
with mioum > 20 are plotted in gray. The nulling baseline length required to achieve a certain angular resolution is shown.
Right: Yield predictions with the setup specified in Table 1. The yields are based on artificial planet populations described
in Kammerer et al. (2022).18 Shown are the expected number of detections around F-, G- and K-type stars within the
distance up to 20 pc for all terrestrial exoplanets (0.5Rg < Rp < 1.5Rg), terrestrial exoplanets in the optimistic and
conservative habitable zone®® and for exo-Earth candidates (EEC, ~ 0.8Rg < R, < 1.4Rg in conservative HZ).

further in Section 3. Figure 1 illustrates how adopting these parameters yields exoplanet detection numbers as
specified in the science objective.

3. MISSION BASELINE CONCEPT

We now report on the LIFE mission baseline concept. Several building blocks of LIFE are reincarnations of ideas
from the various Darwin and TPF-I studies, modified for the present understanding of the available technologies
and needs for LIFE. This section is divided into three components, where we will discuss the architecture of the
mission in general; the concept of the collector spacecraft; and the concept of the combiner spacecraft including
one implementation of the internal optical train.

3.1 Configuration
3.1.1 The Emma X-array

The overall baseline configuration of LIFE is that of a double Bracewell interferometric nuller in an “Emma X-
array” configuration. The double Bracewell was an extension of the original nulling interferometer® by Angel and
Woolf (1997).3° This concept consists of four telescopes, with a nulled output being produced by two pairwise
combinations of the telescopes. These two nulled outputs are then further mixed to produce deeper and broader
nulls. To detect the planet, the array is rotated so that any off-axis sources are modulated, but the on-axis star
and incoherent background sources remain static.

In the Darwin and TPF-I studies,* it was realized that having the four telescopes in a rectangular formation
allows for high angular resolution along the long “imaging” baseline, and then shorter “nulling” baselines that
prevent the star from being too resolved in the null. This geometry can be seen in Figure 2. The configuration
also allows an equal amount of propellant to be used during the rotation, and a simpler geometry for combining
the beams. This formation is finally augmented by the “phase-chopping” modulation, where the two nulled
outputs are mixed with a 47 /2 phase shift and swapped on the timescale of 0.01 to 1 Hz.*! This chopping
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Table 1. Key mission parameters and requirements for LIFE.

Combiner spacecraft

Out of plane

Ttem Value Rationale or comment
Array
# collector spacecraft 4 Minimum number with which robustness
against instrumental noise is achievable with
baseline beam combiner
Nulling baseline 10 - 100 m Lower limit for nulling of nearest S6un-like
stars, upper limit for nulling of M-type star at
10 pc. Lower limit also influences minimum
spacecraft separation.
Imaging baseline 60 - 600 m Moves planet modulation to higher frequen-

cies to mitigate impact of low-frequency insta-
bility noise. Upper limit also influences maxi-
mum spacecraft separation.

Field of regard covers full sky, lower complex-
ity in collector spacecraft

Modulation Rotation & Phase chopping Rotation for localization of planets and fuel
efficiency, phase chopping for detector and in-
coherent light calibration

Temperature <45 K Suppression of the thermal radiation from the
collector mirror

Instrument

Beam combiner

Wavelength coverage

Resolving power

Double Bracewell

6.0 - 16 nm (goal 4.5 — 18 pm)

>100

Realizable with high technology readiness
level (TRL) bulk optics, noise properties for
instability noise

To include H5O absorption feature above
17 pm and resolve H,O and CHy features at
7.7 ym in Earth-like atmosphere!®

CH,4 detection in Earth-like atmosphere (Kon-
rad et al. 2024)

Sensitivity™ S1opm = 0.4 pJy in 4 days Required to detect and characterize 30 rocky
Null depth 10° planets in the habitable zone of sun-like stars
Contrast* s e .
Null stability rms 10~8 within the mission lifetime
Temperature <15K Suppression of the thermal radiation from the
collector internal structure and optics
Mission
Lifetime >5 years Required to detect and characterize 30 rocky

planets in the habitable zone of sun-like stars
within the mission lifetime

* evaluated at 10 um and R = 100
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Figure 2. Baseline LIFE configuration: the Emma X-array. The collector telescopes are arranged in a 6:1 rectangle and
rotated along the star pointing axis. The combiner is out-of-plane of the collectors and co-rotates with the array, resetting
the rotation every 90° to ensure the radiation shield is always facing the Sun.

allows any irregularities in the detector and uneven zodiacal background leakage to be calibrated out, and taking
the difference of the two outputs (a so-called “differential null”) minimizes the sensitivity to any symmetrical
background noise (e.g zodiacal light, symmetrical exozodiacal disks, symmetrical stellar leakage).*’»*? Lay
(2006),% also showed that having a 6:1 imaging to nulling baseline ratio allows for reduced sensitivity to instability
noise; that is, dynamic fluctuations in the null-depth due primarily to stellar leakage. For LIFE, we have
nominally adopted imaging baselines spanning from 60 to 600 m, stemming from an assumption of a 10 m
minimum separation between spacecraft (to avoid collisions) and a 600 m maximum separation (to ensure we
can still keep metrology links).!?

The “Emma” component of the Emma X-array concept corresponds to the 3D nature of the configuration.
Each of the collectors is flown in the same plane, lying on the surface of a large parabola perpendicular to the
star-pointing vector. The combiner spacecraft is located out of this plane, towards the star; this allows the
collectors to be simple mirrors rather than a telescopic system, equivalent to an M1 mirror for a monolithic
telescope. As the collectors rotate, the angle of incidence will vary slightly inducing a set of dynamic aberrations
including astigmatism and polarisation that must be compensated inside the combiner. Following past work,**
we have nominally placed the combiner to be located 1,200 m above the plane of the collectors to reduce the
magnitude of these effects. This can also be seen in Figure 2.

3.1.2 Field of regard and modulation

The LIFE mission is assumed to be located at the second Lagrange point of the Sun-Earth system (L2), due to
its orbital stability for formation flying and the thermal stability required for cryogenic missions. Now, due to
the three-dimensional arrangement of the array, the immediate field of regard is limited by the need for passive
cooling and correspondingly, the need for shielding the cold optics from the sun. Further, the target direction and
the optical beams between the spacecraft need sufficient angular separation from the sun-pointing vector. Also
following from previous Darwin and TPF-I studies, we adopt that the array can point in an annulus between
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~45° and ~85° from the anti-sun angle.!?%* This allows ~99% of the sky to be covered over a year as the
Earth revolves around the Sun (the ecliptic poles being inaccessible), with a minimum continuous observing time
for a given target of 38 days. Now, work is still ongoing as to whether the full sky does need to be covered,
with investigations into so-called “golden targets” and synergies with the Habitable Worlds Observatory target
list.?%:4% Further restricting the field of regard may allow a loosening of technical requirements, specifically with
regard to thermal, optical and propulsion considerations. However, unless a definitive scientific rationale appears
such that LIFE does not need full sky coverage, we assume that maximizing the field of regard is necessary.

For modulating the planet signal we define it as a baseline operation scheme that the array rotates around
the star/pointing axis. The collectors and combiner are also assumed to co-rotate with the array so that any
differential polarisation and aberration effects are minimized. To maintain that the radiation shield of the
combiner is facing the sun, the combiner will likely need to reset the rotation every 90°.

However, there exists an open question as to whether the described modulation scheme is indeed the most
efficient modulation method in terms of both, observing efficiency and propulsion. Indeed, certain post-processing
methods?® may allow for the planet to be retrieved with a reduced amount of modulation. Further study into the
coupling between specific propulsion methods and the efficiency of planet signal modulation is likely warranted.

3.1.3 Alternate configurations

We briefly address the notion of other telescope configurations with varying numbers of telescopes, in particular,
that of five telescopes in a pentagonal formation. This concept was looked at by Hansen et al.'® ¥ and found to
hold comparable science yield to that of the double Bracewell, especially in that it is more capable of removing
stellar leakage. However, the immaturity of the beam combiner concept necessary for a five telescope nuller,!?46
certainly in comparison to the Modified Mach-Zehnder concept (MMZ; see Section 3.3), means that at this stage
the baseline configuration is set at four telescopes.

Finally, there is also a question as to whether the combiner should be in-plane with the collectors. This
would require the collectors to be telescopes rather than single mirrors, which is a trade-off discussed in the
next section. Nevertheless, an in-plane concept results in a far more limited sky-coverage, as the array must
point around the anti-sun vector, and the combiner also will see more of the warm components of the collectors.
Together, we thus assume an out-of-plane concept for the combiner.

3.2 Collectors

The baseline LIFE collector concepts are adopted from the TPF-I Emma concept.***” They consist of a single
spherical mirror that is cooled to below ~45 K, to minimize the thermal background radiation from the collector
mirror. An annulus surrounding the collector mirror will also need to be cooled to minimize thermal stray light
from the surrounding structure that leaks through the cold stop in the combiner due to diffraction. The mirror
is surrounded by a radiation shield, which due to the co-rotation of the collectors with the array is required to
fully surround the primary mirror. This is a deviation from the TPF-I Emma concept which had an asymmetric
concept to radiate heat out the far side of the spacecraft to assist with passive cooling; alternative radiator
concepts are being considered for LIFE. The scattered thermal light from the collectors is a major source of noise
for the mission, and as such it is critical that a structural, thermal, and scattered light model is established soon
to quantify this noise contribution.

The side facing the sun is also fitted with solar panels for power. A sketch of the collectors can be seen in
Figure 2. Our baseline assumption for the diameter of the collector mirrors is 2 m, although this is likely to change
depending on more detailed demonstrations of realistic instrumental throughput and the desired sensitivity of
the mission.

One of the key investigations required for the collectors is that of formation flying stability, as while optical
path differences (OPD) can be compensated for inside the combiner, there will be limited stroke and the OPD
positional information should ideally be within the coherence length of the instrument to avoid long fringe scans.
Under an assumption of a spectral resolution on the order of 100, this leads to a coherence length of about 1 mm
at 10 pm. We hence assume that we require positional knowledge along the optical path within 1 mm, with the
other axes being acceptable at the 1 cm precision level. This can be achieved with formation flight stability at
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the cm level, with higher precision metrology along the optical path axis. Section 4.1 discusses the ongoing and
planned activities with regard to the technological developments for formation flying.

Now, having a single spherical mirror as a collector raises some optical complications that need to be ad-
dressed, specifically intrinsic aberrations that will propagate through to the combiner. The variable optical path
from being out-of-plane will also induce polarisation differentials and pupil rotation; it is this latter point we aim
to minimize through having the combiner co-rotate with the array. The aberrations and polarisation differentials
will aim to be compensated through deformable mirrors (DMs) and a polarisation compensator on the combiner
and will be discussed in the next section. Nevertheless, it is possible that even with these compensators, there will
be both residual static aberration and non-linear polarisation mismatch that will inherently limit the achievable
contrast. Investigations into the magnitude of these residual errors should be a priority to ensure a single mirror
collector is a viable option.

This leads to the question of a telescopic system, and whether the collectors should be afocal telescopes and
transmit a corrected, collimated beam to the combiner. While this concept has not been discarded and has
benefits in terms of the quality of the transmitted beam, there are several complications that render such a
system less desirable than a single mirror. Firstly, a telescopic system increases the complexity of each of the
collectors; the telescope would likely require numerous more reflections and more thermal management to avoid
contaminating the beam with emitted thermal radiation. A wavefront sensor and DM would still be necessary
for aberration correction, essentially moving the components from the combiner to the collectors, and so in total,
it greatly increases the launch size and mass of the four collectors. With increased masses comes naturally the
need for an increase of the propellant fuel required for the array rotation. Finally, Fresnel diffraction with a
collimated beam results in a loss of fiber coupling at long wavelengths, and so a very large beam size would
need to be maintained to minimize this effect. In total, the benefits of a telescopic collector at this time do not
outweigh the problems they induce, and unless the aforementioned residual optical aberrations become limiting,
it is assumed LIFE will consist of single mirror collectors.

3.3 Combiner

We now turn to the baseline concept for the beam combiner. The spacecraft concept is again mainly taken from
the TPF-Emma studies,** 47 with one large sunshade and radiation shields facing the Sun and four large apertures
for the collectors to inject into the combiner. This can be seen in Figure 2. The whole beam combination unit will
by cryogenically cooled to approximately 15 K to minimize the impact of the instrument thermal background.
As mentioned in Section 3.1, the combiner is envisioned to co-rotate with the collectors to minimize differential
polarisation effects, with the rotation resetting every 90° for the sunshade to remain pointing at the Sun.

The rest of this section is dedicated to walking through and discussing the various components of the baseline
optical concept of the combiner, which is shown in Figure 3. It should be noted in advance that this combiner
system combines the naive inclusion of several rather complex subsystems to provide here an overview of the
possible building blocks of the LIFE combiner; future trade-offs and subsystem-level demonstrations will likely
prove multiple components of this “all-inclusive” concept redundant, and various subsystems could likely be im-
plemented more efficiently. Nevertheless, this concept is useful as a starting point for discussing the requirements
on the combiner and identifying components for further development. This concept is a convergence between
multiple other existing concepts, such as that of TPF-I*" and of the various Darwin industry studies.

3.3.1 Receiving optics

To begin with, the collectors propagate the non-collimated light to the combiner spacecraft, where it is then
directed into the beam train by a set of four steering mirrors (one per beam). These mirrors may also be able to
be moved laterally to implement an optical path difference between arms, thus functioning as a preliminary coarse
delay line. The beam then passes through some form of polarisation compensator to remove the geometrically
induced polarisation difference between the beams. One of the simplest ideas is to have two fold mirrors,
angled such that the intermediate beam is anti-parallel to the star vector. This thus cancels out the geometric
polarisation distance. As the combiner rotates, this set of optics should also rotate such that the polarisation
remains corrected at all azimuth angles.
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Figure 3. The baseline LIFE combiner architecture. This is described in detail in Section 3.3.
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3.3.2 First stage of correcting optics

The beams then come to an off-axis parabola which collimates and compresses the beam into a more usable size.
The beam then falls onto a set of DMs with a nearly co-incident cold pupil stop, conjugated with the collector
mirror. The DM corrects for the spherical and astigmatism aberrations induced by the spherical collectors.
These DMs also have several other purposes, including correcting for tip/tilt, and also potentially acting as a
fast delay line in conjunction with the steering mirrors. One major investigation that remains is looking into the
stroke, response time, and space and cryogenic compatibility of these DMs, and whether they can serve as the
multi-functional devices that are currently envisioned.

From here, the corrected beams may now be fed into delay lines, which co-phase the beams. However, whether
a dedicated delay line system is strictly needed considering the potential delay line capabilities of the previous
two dynamic mirrors remains to be seen. This will need to be a trade-off between the required performance of
the cryogenic DM and a greater number of optical elements. Furthermore, the delay line as sketched in Figure 3
could be designed more efficiently with fewer reflections; the depicted “trombone” design is mainly for functional
clarity.

3.3.3 Achromatic phase shifter

To destructively interfere the on-axis beams, we require an achromatic 7 phase shift to be induced between the
telescopes in each of the nulling baselines. One such method is through the use of a three-mirror periscope,*®
which relies on the polarisation inversion during an optical reflection: If the reflections of two beams in a 3-mirror
periscope are mirrored with respect to each other, the resulting polarisation is relatively rotated by 180°, which
corresponds to an effective m-shift that is intrinsically achromatic. Other methods for building achromiatic phase
shifters were proposed?® and experimentally compared,*® while the three-mirror periscope appeared to be the
most robust method. Nonetheless, this implementation does impose strict polarisation and alignment control,
which thus is foreseen to be demonstrated in a cryogenic environment.?”

3.3.4 Control stage

The beam train then goes through a dichroic mirror, where light is split between the science wavelengths (>4 pm)
and control wavelengths (<4 pm). The shorter wavelengths are then further split and used by two subsystems.
The first is a fine pointing and wavefront sensor; this is used to control the DMs and steering mirrors to obtain a
well-aligned, undistorted beam. The second component is the fringe tracker, whose job is to maintain the OPD
between the beams at zero. This requires another interferometric beam combiner to measure the phase of the
fringes and then control either the dedicated delay lines or else also contributing to the control of the optical path
axis of the steering mirrors and DMs. One such implementation of the fringe tracker is a photonic ABCD device
working in the K band (~ 2 pm) such as that used by the GRAVITY instrument at the Very Large Telescope
Interferometer (VLTT).5!

A metrology system tracking movements internal to the nulling stage will also be valuable to ensure high
fiber coupling and stable injection. To have the beam propagate through, and for it not to be mixed with the
science wavelengths, the control dichroic should allow a small amount of short wavelength light through. An
example of such a metrology system can be found in Paper 13095-115 (Birbacher et al., 2024). We note that
this is not included in Figure 3 for clarity purposes.

3.3.5 Second stage of correcting optics

The science wavelengths continue onwards to an intensity control subsystem, where small actuators can insert
themselves into the light path to reduce the relative intensity between the beams. This subsystem is controlled via
the nulling detector, where maximum contrast is achieved with equal-intensity beams. However, this particular
control system may also be not strictly necessary if an adaptive nuller (described later) is able to be implemented.

For high levels of coupling into the spatial filters at the end of the nuller, the beam will likely need to be
apodized. As such, we foresee that a set of phase-induced amplitude apodization (PIAA) optics may be required.
This is a technique whereby the beam is apodized by a pair of precisely shaped aspheric optics, thus shaping the
beam such that it maximizes fiber coupling without loss of transmission.?? The field of view of PTAA optics is
very small, however, and so these optics should be placed after the pointing sensor.
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This is the last common subsystem before the science light is split into the various sub-bandpasses, the size
and location of which will depend on the available technology of the following components. This light could be
split through a series of dichroics that are out of the plane of the diagram in Figure 3, essentially producing a
number of copies of the nulling stage (highlighted in blue) for different wavelengths and stacking them on top of
each other.

3.3.6 Adaptive nuller

Inside each of the nulling bandpasses, we begin with one of the more complex subsystems: the adaptive nuller.
First demonstrated by Peters et al. (2010),%* this system is designed to provide a wavelength and polarisation-
dependent phase and amplitude modulation, thus correcting any static deficiencies of the nuller. The light is
dispersed spectrally and into two linear polarisations via a dispersion and Wollaston prism, before being reflected
onto a DM. The DM can modify the phase of the beam at each wavelength channel via the piston, as well as
an intensity adjustment through tip/tilt. This latter functionality works due to the spatial filter at the end of
the nuller; by adjusting the tip/tilt of the beam, the pupils are misaligned and the intensity decreases. The light
from the DM is then sent backward through the prisms such that the light is one collimated beam again. Due to
the likely lossy nature of the dispersive elements, and the fidelity required from the DM, another demonstration
of the adaptive nuller would be very valuable in ensuring the high system transmission and that the technology
readiness level (TRL) is achieved.

3.3.7 Nulling and spatial filtering

The nulled outputs will be produced through a modified Mach-Zehnder combiner, where each beam is combined
through a symmetric number of reflections and transmissions.*® Hence the nulled outputs are robust against
uneven splitting ratios. The two nulling baselines are combined in the same MMZ but offset out of the plane of
the diagram. The constructive outputs can be imaged on a detector for usage in intensity monitoring, and the
destructive outputs are then propagated further.

After nulling, the beams need to be spatial filtered so that only the fundamental spatial mode is measured,
minimizing the impact of any wavefront aberrations on the null. This is also critical, as otherwise small local
variation in the wavefront will prevent deep contrasts from being achieved. We put the spatial filters here, between
the nulling combiner and cross combiner, to avoid having any aberrations in the cross combiner mimicking a planet
signal. To spatial filter the beams, the light is coupled into a single-mode fiber or similar photonic waveguide
through the use of an off-axis parabola. We note here that this is one of the major technical challenges ahead;
MIR photonics is not a very mature field, and high-throughput spatial filters at wavelengths longer than 10 pm
have not been adequately demonstrated to the necessary TRL.

3.3.8 Cross combination and spectrograph

The final combination step is mixing the two nulled baselines. This can be done by folding the beams, collimated
from the output of the spatial filter, off a roof mirror before entering a final beamsplitter. To induce the
differential null and provide phase chopping, one of the beams needs to undergo a 7/2 phase shift. One way
of implementing this is to produce an achromatic 7/2 phase plate®®® and insert it into half of a spinning
chopper wheel. Chopping can then be induced by spinning the wheel and changing which of the two input
beams undergoes the phase shift. Notably, as the nulling is done in the previous MMZ, the beam splitter and
phase shift do not have as strict requirements for obtaining high contrast. Questions remain as to whether such a
phase plate can be produced that works with minimal residuals at a non-zero angle of incidence. An alternative
phase chopping method would be to implement a beam switcher that swaps which of the two nulled outputs
undergoes the phase shift, although a stable, cryogenic implementation of this may be more difficult than the
proposed phase plate method.

After cross-combination, the nulled beam is spectrally dispersed to a spectral resolution of around 100.
Depending on the wavelength this is achieved ideally using prisms to prevent higher-order losses when using
gratings.
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3.4 Detectors

The detectors are the final element in the complex light collection, modulation, and detection chain necessary
for LIFE. The detection of the sparse exoplanet signal after nulling the host star takes place in a photon-starved
regime. Hence, the performance of the detectors has to be up to par with this task. While several detector
characteristics will influence the performance, in particular the response stability, read-out noise and dark current
are key performance parameters to consider. For the required dark current, different values were published in
the past but recent reevaluation of this parameter let to a rough upper limit in the order of ~1 e~ /s/px.

The standard technology for many years has been Si:As detectors and state-of-the-art devices are being used
in the MIRI instrument at JWST. The dark current reported for them reaches down to 0.03 e~ /s/pixel.’6 It
remains an open question at this stage however if the required stability for LIFE is comparable to the MIRI
detector performance. Unfortunately, there are indications that this detector technology might not be available
anymore in the future at the required quality®” and alternative devices need to be identified.

Originally used mainly for the near-infrared range, Mercury-Cadmium-Telluride (MCT) alloy detectors have
found their way into the mid-infrared regime in recent years. The upcoming NEO Surveyor (NASA) and the
Ariel (ESA) astrophysics space missions will feature MCT detectors reaching out to 9.6 nm (dark current 0.22
e” /s/px)°® and 7.8 pm (dark current 0.07 e~ /s/px),%" respectively. For ground-based instrumentation, MCT
detectors with 13 pm cutoff (“GeoSnap”) are being developed.®® It is possible to tune the MCT stoichiometry
to reach longer and longer cutoff wavelengths. Recent experiments with MCT devices with Acytog > 15 pm
demonstrate®! that quantum effects like quantum tunneling become important. Furthermore, as the Mercury
fraction increases with longer cut-off wavelengths the arrays become softer and more prone to defects adversely
affecting the dark current. The dark current performance of these first experimental long-Acyto devices might
exceed the needs of LIFE. One way to improve the performance of such devices is to couple them with optimized
readout/amplification electronics, for instance, capacitive trans-impedance amplifier (CTIA) multiplexer read-
outs. Using such a circuit for the Acytor = 13 pm devices, a dark current as low as 0.1 e~ /s/px was achieved.%2
As for wavelengths at the long end of LIFE it remains an open question at this stage if MCT detectors could be
also used.

Alternative technologies such as Kinetic Inductance Detectors (KIDs) or superconducting nano-wire single-
photon detectors (SNSPDs) are very interesting, although not yet well explored in the MIR.5365 While their
capabilities for single-photon counting or photon energy resolution might not directly apply to the measurement
of LIFE, they could provide a new level of stability and photometric accuracy that would be very well aligned
with the needs of LIFE. Their downside might be the required operating temperatures down to the sub-Kelvin
regime that requires complex cooling systems. In the past, more conventional *He sorption coolers were used to
reach this level for instance in the Herschel Space Observatory®® of ESA. In case these refrigerators are open-cycle
coolers (like for the Herschel instrument PACS), the lifetime of the mission were strongly affected, and regular
recycling of the cooler liquid probably would inhibit long measurement sessions for LIFE. Interestingly, a first
in-space demonstration of a more complex approach employing adiabatic demagnetisation (AD) as a refrigerator
concept has been previously shown on board of the Japanese Hitomi X-ray mission.%” This technology has,
hence, been pushed to a high TRL already.

4. OUTLOOK ON TECHNOLOGY DEVELOPMENT ACTIVITIES

Within and external to the LIFE initiative, many activities are ongoing to develop and increase the TRL levels
of the technologies described above, or to investigate alternative approaches. We will discuss and summarize
a few of these developments here, while some have been covered earlier. This summary is far from a complete
review of all the ongoing activities but should give an insight into the prospering research relevant to LIFE.

4.1 Component Developments

As mentioned above, investigations for detector technologies alternative to the MCT or Si:As are necessary as
both established technologies might not be fully applicable for the full wavelength range of LIFE, either due to
their dark current characteristics or their availability in the future, respectively. KIDs are established for (sub-
) millimeter and optical wavelengths but are quite unexplored in the MIR. Recent activities however showed
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that the detection range of KIDs can also be extended to the MIR and dedicated investigations are planned to
optimize and characterize these devices for the application of LIFE.%® As a potential alternative, superconducting
nanowire single-photon detectors are also studied in the MIR with very promising results.5% 70

As for the spatial filters, a key challenge is the availability of single-mode fibers for the entire wavelength
range of LIFE. One potential and efficient option could be endlessly single-mode photonic crystal waveguides
that are fed by phase-induced amplitude apodization optics.”' Furthermore, investigations for photonic devices
that are suitable for MIR are ongoing (e.g., Montesinos, 2024™%) and show promising results. If these devices
become the new benchmark for MIR photonics has to be seen, but their application could reach well beyond
the initial need for waveguiding and spatial filtering: The entire architecture from the achromatic phase shifter
down to the cross-combiner could be built in a photonic device, similar to architectures already implemented
for shorter wavelengths for ground-based applications such as kernel nulling photonic interferometers™ or the
nulling combiner for the Asgard/NOTT instrument.” Kernel nulling and other collector arrangements (like the
5-collector architecture) would become serious alternatives to the current baseline. In principle, these devices
could even be extended to include the delay lines, the spectrometer, and eventually even the detector. However,
the system efficiency for the MIR photonic platform has first to be carefully evaluated under cryogenic conditions
for a broad-band source. It may be rather unlikely that these devices work achromatic and efficiently over
a large wavelength range. Additionally, the reported shortfalls of near-IR photonic devices for astronomical
applications”™ must first be addressed before they can be extended to MIR in a manner competitive with bulk
optic architectures.

Cryogenic deformable mirrors are another key technology of interest. Cryogenic mirrors have been de-
veloped in the past”® ™ but these were specific developments and the devices are not commercially available.
Further, the different use cases in LIFE (aberration and tip/tilt control on the one side and the potential need for
an achromatic nuller) might introduce further differences in the required developments. One particular ongoing
development of interest is on hysteretic deformable mirrors:3° Their set-and-forget nature facilitates the use of
time division multiplexing to address the single pixels without the need for high update frequencies to avoid pixel
drift. Additionally, these devices can be stacked to adjust the total stroke, hence they might be well aligned with
the different needs for LIFE.

4.2 System Level Developments

To demonstrate the feasibility of LIFE, system aspects of the mission need to be developed side by side with the
TRL increases at the component level.

Most notable is the formation flying of multiple spacecraft with relative precision in the sub-cm-range.
Fortunately, the situation today is much more advanced than at the time of the DARWIN concept studies when
no civil space mission had been flow yet to employ formation flying. Several missions have been developed in
the meantime. In particular, the ESA mission PROBA-3,3! with a probable launch date still in 2024, will aim
to demonstrate six-axis formation flying at the ~1 mm and arcsec level. This provides a new benchmark for
formation-flying control, autonomous operation and maneuvering without ground control. This is achieved using
inter-satellite metrology systems and cold-gas micro-thrusters for fine maneuvering. When successful, this mission
will undoubtedly demonstrate the reliability of the formation flying technology and that the induced complexity of
metrology-based closed-loop systems can be managed within the required performance. A further step towards
robust formation flying swarms consisting of more than two spacecraft was very recently made with NASA’s
STARLING mission, consisting of four small satellites, launched in summer of 2023. The four spacecraft fly in
larger relative distances, not directly comparable to the LIFE application. Nevertheless, several experiments were
conducted successfully*®? , addressing swarm maneuver planning and execution, communications networking,
relative navigation, and especially autonomous coordination between spacecraft.

However, the in-orbit interferometric fringe tracking in a formation-flying mission likely needs to be
demonstrated. Multiple international studies are currently ongoing, with a variety of missions proposed,33 88
with sizes stretching from cube-sats to medium-large satellites.

“https://www.nasa.gov/directorates/stmd/swarming-for-success-starling-completes-primary-mission/
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Demonstrating the measurement principle in the lab is essential for any mission development. In the case
of LIFE, it is required that the nulling performance of the beam-combiner is demonstrated while fulfilling
all other key performance requirements, in particular the sensitivity to the planet signal. This requires the
demonstration at cryogenic temperatures, and that the optical components are optimized for maximum system
throughput. The Nulling Interferometry Cryogenic Experiment®® (NICE) replicates a subset of the LIFE system
architecture but represents the key building blocks described in the previous chapters. Therefore, the technologies
required for the beam combiner of LIFE are also required for NICE. NICE is currently in its warm development
phase and the development of the cryogenic components has started. NICE builds on the legacy of previous
testbeds®® 9! developed during the TPF-I and Darwin area, complementing these efforts for the first time with
a cryogenic demonstration.

Lastly, ground-based efforts for nulling interferometry such as Asgard/NOTT™ will provide the framework
for developing signal processing approaches relevant for LIFE.

4.3 Concept Study

The LIFE team is preparing for a concept study phase. Of fundamental importance is the ongoing mission
requirement definition. With the system architecture presented in this paper, a first breakdown of these require-
ments into performance budgets will be worked out so that the required technologies can be identified. The
catalog of questions to be addressed in this concept study phase is numerous and reaches over all aspects of the
mission, from optical, thermal, to operational, and beyond. A first key element of the study will be the estab-
lishment of an optical design, an opto-mechanical concept and specific design studies to assess alignment and
surface error accuracies. This also includes a full end-to-end wavefront propagation model to assess diffraction
and wavefront error propagation that are essential to understanding the effective system throughput when using
spatial filters. Chromatic effects in the optical train need to be understood very well to assess if an adaptive
nuller is required or can be avoided. If such a subsystem is needed, it must be implemented in NICE as soon as
possible given that the adaptive nuller has only been demonstrated in a laboratory bench once®® and requires
several transmissive elements that could introduce significant transmission losses and increase the complexity of
the beam combiner. A full polarisation model will be needed in order to understand the residual errors when
using the co-rotating combiner concept as presented in Section 3.3. The modulation scheme for the X-array
needs to be finalized based on a trade-off study to optimize thrust and observation efficiency.

This list of open study aspects could be extended much further. The overall goal of the study phase is to reach
a level of conceptual maturity where a detailed design phase can be started without the risk of identifying big
conceptual omissions later on. Further, a technology development plan should clearly outline the path forward
for the various investments required to enhance the feasibility of LIFE’s technology.

Besides of the technical questions, a key aspect of the upcoming concept study includes also the question of
how such a mission could be implemented and funded. LIFE is at this stage not yet a selected mission by any of
the space agencies. While the topical theme of ESA’s Voyage 2050 strategy favors a mission like LIFE, we also
explore alternative approaches and elaborate on strategies to enable LIFE independently.

5. CONCLUSIONS

The Large Interferometer for Exoplanets (LIFE) represents a groundbreaking initiative in the quest to detect
and characterize terrestrial exoplanets in the habitable zone. By leveraging mid-infrared nulling interferometry,
LIFE aims to achieve unprecedented sensitivity and spatial resolution, enabling the detection of Earth-like planets
around nearby stars and the detailed study of their atmospheres. LIFE’s unique capabilities will allow for the
differentiation between biological and non-biological processes, advancing our understanding of life’s potential
distribution in the universe.

In this paper, we presented the mission’s concept and discussed the various components and technologies re-
quired to enable the ambitious space mission. LIFE will require cutting-edge technologies and precise engineering
to mitigate the challenges associated with nulling interferometry at cryogenic conditions. Many technology de-
velopment activities are ongoing globally that will foster LIFE. Specific system developments have been started,
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such as the nulling demonstration at cryogenic conditions, and the fringe tracking in space. Continued de-
velopment and refinement of the LIFE mission concept are crucial. Collaborative efforts across international
scientific communities, space agencies, and the private sector will be vital in securing the necessary funding and
technological support.

In conclusion, LIFE embodies the next frontier in exoplanetary exploration. By pushing the boundaries of
current technology and expanding our knowledge of planetary systems, LIFE holds the promise of uncovering
new worlds and, potentially, new habitations for life. The mission represents a bold step toward answering one
of humanity’s most profound questions: Are we alone in the universe?
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