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INTRODUCTION

This report highlights the technical hurdles one must face to mature technology for space
use. Due to a wealth of commercialization and prototyping activities led by the cold-atom
and photonics community, many of these challenges are not insurmountable. The first part
of this report describes how to build upon an already interconnected scientific and industrial
community and what steps are needed to enable further cross-disciplinary networking and
collaboration. Expanding the diversity of quantum experiments being performed in the
optimal conditions of space and micro-gravity has clear benefits for the progression of our
understanding of the universe and tangible economic and innovative outputs. We highlight
these benefits and the need for a global effort to realize them. We show a technical wish list
detailing the technological advancements needed to enable space-based experiments with
guantum systems. In general, the following list of steps which have to be passed to
demonstrate Technology Readiness Levels (TRL) to be ready for flight:

e Miniaturization: i.e. reduction of mass, power dissipation, volume (at least partly).

e Ruggedisation/Qualification: in respect to typical environmental condition e.g.
vibrations, acoustic forces, thermo-vacuum, radiation and EMC.

e Reliability and Stability: Satellite instruments need to operate for several years in
challenging environments without the possibility of adjustment.

e Persistent Quality: Each quantum technological system manufactured should have
the same behaviour and at best be interchangeable.

e Costto performance ratio: The additional investmentin a QT device should be clearly
compensated.

Typically, most of those demonstrations are performed by space industry, based on
innovations from within academia. Some experimental platforms, such as the cold atom one
have however shown great initiative to perform technology demonstrations from within the
academic community and with support by national space agencies. We reported on those
TRL achievements in Deliverable3.2 report.
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IMPLEMENTATION

1. Technical Challenges To Be Mastered By Qts Towards Space

This is an attempt to summarie challenges faced by each intended space mission, coping
which has to be demonstrated in proof-of-principle experiments at different levels of
sophistication, aka TRL. Needless to mention that Space industry and Space Agencies have a
well-defined catalogue of what each TRL means and has to deliver, details of which can be
found elsewhere. Here, we rather intent to inform the motivated QTSpace enthusiast on the
general flavor of challenges ahead. Of course, each of those challenges will be different for
each anticipated mission depending on the needed conditions. We match our list of
challenges with space heritage form earlier (non-QT) missions, which may help to identify
solutions for future QTSpace missions.

Environmental Control: The environment of space is not homogeneous, with variations in
temperature, vacuum pressure and radiation. Although working in space allows one to
exploitation of the vacuum and coldness of space, maneuvering experiments from the inside
to the outside of the space platform is complex. Instead, the route for a ground-based
experiment to become space ready is to translate all the subcomponents to space-hardened
components, developing a new equipment where necessarily.

e Maintaining vacuum and environmental temperature: Cryostats, to keep low
temperature, cause vibration, examples are the Planck, Athena, and Gravity Probe B
missions for space heritage on low temperature capabilities. Those missions use(d)
dilution refrigerators in space. Also, to consider is the fact, that gases remaining can
cause issues with gravitational field, which have been controlled by uses a sponge
mechanism in baffles to prevent liquid helium sloshing, porous plugs are used to control
the pressure in dewar and open versus closed loop cryogen provision at limited supply
of liquid Helium limits the mission lifetime. Unaccounted for heating sources can cause
depletion even faster. Power consumption limits the ability to do closed loop. [228-231,
235]. Examples of control of thermal conditions are laid out here [210,213]. One
common solution for temperature control is passive shielding which helps with solar
radiation; this is better than active cooling which require cryostats [214].

Given that measuring extreme vacuum is a challenge in itself [232,233], also the
generation of vacuum has to be done in a space-compatible way, e.g. by sealed devices
that use getter [234,235]. Spacecraft out gassing [231] can ruin pressure but can also be
improved by the radiation shields [214]. The best vacuum achievable on ground is 101®
mbar in a facility at CERN, 7x10Y” mbar has been achieved at 4K [239]. There are plans
that the new PUMA project (antiProton Unstable Matter Annihilation) will demonstrate
storage and transporation of antimatter at pressures of 107 mbar. The vacuum level
achievable in space is on the 101°-10"1* mbar for a small volume, as explore in the recent
QPPF study by ESA [216].

¢ Maechanical Stability/Vibration Isolation/Alignment: Mechanical instability arises from
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two sources; the environment or from movement inside the spacecraft. For
environmental sources of vibration, atmospheric drag and solar wind can cause
unwanted instabilities, which is why missions with demand on high mechanical stability
are typically is planned for a Lagrange point (L2) orbit where there are reduced
contributions from these noise sources, as for instance used by the LISA Pathfinder
mission [237,238]. Vibrations within the experiment itself, for example, from cryostats
require attention [239]. However, there are existing solutions used for Gravity Probe B
and the Planck mission where closed loop cryostats show improved stabilization. It
should be noted that closed loop cryostats also over a longer lifetime compared with
open loop ones. Although the helium leakage is unavoidable and amplified when there
are sources of heat within the chamber, closed loop recycles the helium in a more
conservative manner [240].

Lack of access to experiments once launched requires detailed understanding of how
component and mounts change dimension between initial alignment, usually conducted
at atmospheric pressure and at room temperature, to the final environmental
conditions e.g. cryostat temperatures or high vacuum. Out-gassing, flexure stresses and
warping can all cause misalignment that is not easy to correct once the experiment is
sealed.

e Vibrations from micro-propulsion system [210] where the force noise produced by LISA
is not good enough for original proposal, but with longer free fall, larger fringes can be
achieved when working with state-of-the-art micro-thrusters. Acceleration sensitivity of
each mission has to be defined. Tilt noise has to be controlled for some missions. The
length of time for measurements adds further requirements for stability/drift of
instruments, depending on the mission details. For example, the MAQRO mission
requires around 100 s measurement time per data point [216]. For this reason, an
accelerometer is a central pre-requisite for MAQRO to prevent random relative motion
between test particle and the spacecraft - two accelerometers are needed (one at the
center of mass of the spacecraft). A similar solution has been have put forward by the
ONERA sensor in a cryogenic environment.

e Charge effects from high energetic cosmic radiations and micro-asteroids are a well-
known effect to be controlled for a broad range of space mission. The control of charging
has been an issue for the LISA Pathfinder mission which could be controlled by frequent
neutralization by UV radiation [223].

e Depletion of nitrogen from cold gas micro-propulsion system produces a deterministic

gravitational drift typically several hundreds of fms?/day [226], which has to be
considered.

Component Development & Access to space:

e Miniaturization is becoming less of a barrier for getting things into space - balance
between cost of launch versus cost of development to miniaturize something (aka
someone else has to miniaturize it so extra overheads too). For instance, SpaceX
lowering cost of launch by x10, and cubesats opening up a lot of opportunity that isn't
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so restrictive on size (going from 6U-12U-24U). LISA limit is half a ton, because it needs
to reach the geostationary orbit. So orbit choice is also related. SWaP budget is still a
driver for the further away orbits. Often things are folded for launch, which then expand
out in space, which adds risk for failure. This has to be considered, but space industry
has a rich heritage on mechanical solutions for compactification.

e Companies have started to provide commercial solutions to some platforms, such as
Cold quanta (US) create cold atom parts and chambers [241]; Miniaturization of vapour
cells, where progress has been rapid due to GNSS use of rubidium cell frequency
standards [242]. Additive manufacturing for space mission has seen examples for
complete vacuum chambers of compact size and advanced geometry [243].

e CAL: Huge strides have been made on the sub-components required for atomic
interferometry through a recent upgrade of the Cold Atom Lab (CAL) on board the ISS -
it is the first atom interferometer to operate in space. The Cold Atom Lab is
approximately the size of a dishwasher [169]. ALBERT is an online cold atom experiment.

e Rockets: Space is expensive (size and mass have a “cost'). Geostationary transfer orbit is
the furthest orbit - so you want high initial velocity therefore low mass. BECCAL is
350kg/320kg - but it is not from the vacuum chamber (5kg) but from the sub-
components - for example, the 16-17 lasers, and rack-sized electronics. The more
functionality the more number of parts, or requirement for upgrades.

Tsiolkovsky rocket equation, classical rocket equation, or ideal rocket equation are used
to calculate the needs on the space vehicle. Space agencies know all about it. In a
nutshell: In the rocket equation there is Delta-v, which is a scalar quantity dependent
only on the desired trajectory and not on the mass of the space vehicle. For example,
although more fuel is needed to transfer a heavier communication satellite from low
Earth orbit to geosynchronous orbit than for a lighter one, the delta-v required is the
same. Also, delta-v is additive, as contrasted to rocket burn time, the latter having
greater effect later in the mission when more fuel has been used up. Small size/mass
allows for piggybacking on missions. But it’s a balance of money/political appetite.

e Optics & Photonics components: Single mode fibers in space are feasible but if they
break, replacement is impossible. InP PICs miniaturization and radiation tolerant has
been investigated by CERN [244,245]. Acuosto-Optical Modulators (AOMs) and Electro-
Optical Modulators (EOMs) and optical amplifiers are developed for LISA. The DARWIN
proposal [246] laid out a roadmap that included space-qualified delay lines to balance
optical paths to nanometer accuracy and the use of single mode tested at ultra-high
vacuum (UHV), temperatures as low as 10 K, an resistance to photon radiation and
gamma radiation [210].
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e Lasers: Laser pointing stability [210] and IR cavity finesse (high reflectivity mirror
coatings) of above 3x10* possible, see QPPF study. Laser source at 1064 nm wavelength
from non-planar ring oscillator laser was used by LISA PF and will be used for LISA. Laser
sources in general are not at mature TRL at ultra-violet. If laser noise causes the same
issues requiring either active feedback methods, or referenced to stable frequency
source, or single photon sources that are space qualified [247,248]. Ferdinand Braun
Institute (FBH) in Berlin build lasers for BECCAL and MAIUS [249]. TESAT create TRL 9
lasers at 1550nm [250] already used for satellite-to-satellite communications. DLR are
building compact laser communication terminals for CubeSats (LCRT), also for UK OSCAR
module. Look at clock [251].

Automation:

e Power consumption: has to be considered and typically optimized. For instance,
MAQRO would require a solar array of 680 W, similar to that used by LISA Pathfinder
[216], with the largest power consumption from data and diagnostics, and operating
lasers. If a bake out of a heat-shield structure is required, this almost doubles the power
consumption. Active cooling requires more power consumption.

e Electronics & Control: Although some electronics can be sourced of-the-shelf as space-
approved items, calm current operation may not be guaranteed, with bespoke
requirements such as fast switching times not commercially available. Sometimes the
use of large chips, e.g. electronics, because of radiation issues like cosmic rays are
advisable. A single cosmic ray could take out a transistor if its made on small node size
but on the other hand, redundancy when working with small chips. Electronics
requirements can be quite different to drawing based, plug and play components such
as vacuum chambers, with added cost in miniaturization due to the high cost of
developing and fabricating ASICs for low power and rigorized operation. STl work with
space-related projects but its within their remit. Electronics, PCBs, and software typically
needs specialist companies to work on. Data processing such as Power
spectrums/FFT/big data storage e.g. random number generation needs Gb of storage
Flash drives, SD cards are being used in space. Space industry and Space agencies have
a lot of experience & knowledge on electronics for space.

Quality Assurance/Environmental Testing: Typically, all space payloads need to be tested for
radiation hardening and quality assurance specifications and tested for temperature, shock,
and vibration etc. Testing is done of TRL development by space industry for each approved
mission or alternatively by the academic community before missions get approval. Dedicated
facilities for space readiness testing exist at industry or space agencies. Environmental
testing, access to facilities and expertise to perform tests exist in abundance: facilities for
shake + bake, many engineering departments have their own facilities, and those are not too
expensive for rental otherwise. Parameters, e.g. amplitude and frequency of mechanical
vibrations to be reach in tests are known or provided by launch provider.
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Qualification: of technology is the expensive part of each mission development. Man
hours are required, trace subcomponents to batches (documentation gets complex -
even for screws (see LISA PF), have to retest if buy more etc. item cost can go up by x10).
Traceability of components is important. The European Cooperation for Space
Standardization (ECSS) is an initiative established to develop a coherent, single set of
user-friendly standards for use in all European space activities.

European Centre for Space Law (ECSL). The ECSL was founded in 1989 on the initiative
of the European Space Agency. Its objectives are the improvement in space law
research, education and practice in Europe. The Consultative Committee for Space Data
Systems (CCSDS) is an international voluntary consensus organization of space agencies
and industrial associates interested in mutually developing standard data handling
techniques to support space research, including space science and applications. [252]

The European Space Components Information Exchange System (ESCIES) is a repository
for EEE parts information hosted by ESA, on behalf of the Space Components Steering
Board, as part of the European Space Components Coordination.

The European Preferred Parts List (EPPL) is a list of preferred and suitable components
to be used by European manufacturers of spacecraft hardware and associated
equipment. It is part of the ECSS system with an updated parts list released every year,
for example, EPPL Issue 41 corresponds to 2020. [253]

The International Standards Organization Standards (ISO) catalogue.

Safety. Product assurance encompasses quality and safety, risk (dependability)
academia less familiar with process nor documentation.

2. Atomic Systems In Space

a. Atomic clocks in space

Currently Prepared Missions: In order to execute optical clocks in space, the following

missions are currently prepared. They are targeting both, fundamental questions and
technology development:

ACES (Atomic Clock Ensemble in Space): This is an ESA-coordinated mission that will
prepare a system of two atomic clocks in the Columbus module of the ISS. The two clocks
are the laser-cooled Caesium atomic clock PHARAO (Projet d'Horloge Atomique par
Refroidissement d'Atomes en Orbite), developed by CNES, an active hydrogen MASER,
the SHM (Space Hydrogen maser), developed by Spectratime and a precise time and
frequency transfer system [254]. The clock ensemble is expected to have a stability of
2x107% in the short term. Currently, launch for the ensemble is scheduled for 2021. The
technical goal of this mission is testing the performance of a new generation of atomic
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clocks in space and the scientific goals are to perform fundamental physics tests, as for
example an improved measurement of the gravitational redshift, the search for
anisotropies of the speed of light, and for space-time variations of physical constants. In
addition, the two atomic clocks will allow mapping the Earth's gravitational potential by
measuring the differential gravitational redshift [255]. The ACES mission will also allow
comparing the time reference with ground-based ones and the ultra-precise time-
reference distribution [256].

COMPASSO [257] is a DLR mission that aims at demonstrating necessary optical
frequency and link technologies for future missions, such as BOOST, LISA, Next
Generation Gravity Mission, and GNSS. In particular, the mission will be the first in-orbit
verification of optical clocks. The payload consists of optical and radio frequency
references, and a bidirectional optical link to compare the in-orbit measurements to
frequency references on ground. This shall demonstrate the possibility to operate
optical links to other space-based platforms and, in addition, will allow investigating
atmospheric effects in space-to-ground clock distribution. The latter especially includes
the comparison to a GNSS signal to demonstrate the readiness of optical technologies
for GNSS applications. Currently, it is planned that COMPASSO will be operated starting
with end of 2024 on the ISS aboard the Bartolomeo platform.

Proposed Missions: Based on the current technology additional missions have been

proposed, some of which are listed below:

BOOST (BOOst Symmetry Test): This is a DLR mission to conduct a Kennedy Thorndike
experiment in space [258], which aims at improving the current boundaries set by
ground based experiments [259]. Two optical references based on two different
operational principles are compared. Here, an optical cavity is compared to an lodine
frequency reference. The targeted stability is better than 10" at orbit time, which takes
around 90 minutes.

IVORY (In-orbit Verification of stabilized Optical and microwave Reference sYstems):
The DLR and Airbus Defense and Space joint project IVORY aims at verification of optical
technologies, as optical clocks, frequency combs and space-to-ground laser
communication, on the ISS aboard the Bartolomeo platform. It includes a Rubidium
clock and a microwave reference system.

SOC (Space Optical Clocks): The DLR and ESA funded project SOC aims at operating
optical lattice clock systems on the ISS. The systems include Ytterbium and Strontium
optical clocks. With these atoms cooled and trapped in a magneto-optical trap, a
frequency stability of 1071® is targeted [260].

b. Atom Interferometers
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Beside the very many successfully operated proof-of-principle experiments for cold atoms

in space, there ais here a list of concrete project for near-future completion:

Ground-based tests:

DESIRE (Dark Energy search by Interferometry in the Einstein Elevator) Based on pre-
studies [261,262], recently in 2021, a new NASA/JPL-DLR project started, which aims for
a significant rise in sensitivity for the search of dark matter, which can be reached with
atom interferometers using freefalling, compact low-energy wave packages in
interaction with a specific test mass on macroscopic time scales of several seconds. To
reach these time scales the apparatus will be operated in the Einstein-Elevator in
Hannover. The DESIRE project utilizes the BEC interferometer of the MAIUS-1 mission,
which will be modified for its use in the Einstein-Elevator. More details can be found
elsewhere [166,261,262,263].

Space-based tests:

After MAIUS-1, the second generation rocket payload MAIUS-B is in its setup phase. It
reached its critical design review at the end of 2018 [264]. This apparatus features,
additionally to Rubidium-87, also Potassium-41 atoms and aims at performing
sequential atom interferometry experiments and mixture studies with both species
during the second rocket mission MAIUS-2 currently scheduled for 2021. The launch of
a third and final mission, MAIUS-3, is currently planned for 2022 and aims at
demonstrating simultaneous atom interferometry in space, paving the path for tests of
the universality of free fall using atoms. The interested reader is referred to [166, 256-
270].

BECCAL (Bose-Einstein Condensate and Cold Atom Laboratory): Built upon the heritage
not only of the projects QUANTUS, MAIUS and CAL, but also of JOKARUS and KALEXUS,
the NASA- and DLR-funded BECCAL will serve as the next generation multi-user and -
purpose facility aboard the ISS [271]. The apparatus is designed to operate with cold and
condensed ensembles of different isotopes of Rubidium and Potassium. Hence, BECCAL
will enable the study of scalar and spinor degenerate gasses as well as mixtures thereof.
BECCAL supports atom interferometry for fundamental physics and studies for future
guantum sensors. Additionally, arbitrary shaped red- and blue-detuned potentials will
be possible to implement, allowing for versatile trapping and anti-trapping
configurations. Throughout its lifetime, BECCAL will perform a variety of experiments
and serve as a pathfinder for future missions. The interested reader is referred to [271].

CASPA (Cold Atom Space PAyload): In the Innovate UK and Engineering and Physical
Sciences Research Council (EPSRC) funded project CASPA, a British consortium led by
the company Teledyne e2v is designing a system for autonomous cold atom experiments
in space. The project's aim is the elevation of Technology Readiness Level (TRL) of
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required subsystems and the tackling of challenges in building compact cold atom
interferometers for space use. After a careful analysis of the environment's impact on
the cold atom system, a prototype 6U CubeSat that is capable of trapping Rubidium
atoms was built, qualified, and tested. CASPA has a weight of 4 kg, fits into four units of
a CubeSat and consumes 12 W of electrical power. It can cool down atoms to the order
of 100 pK. An actual cold atom sensor based on the heritage of CASPA is planned to be
built [272].

3. Photonics Systems In Space

Applications of photons - QKD: A timeline of missions that have demonstrated key milestones

or feasibility studies towards global satellite-based QKD is provided in [273]. This includes
recently proposed mission that aim to integrate space and terrestrial segments to step closer
to a globally quantum networking. Further dedicated reviews on space quantum
communication missions can be found in Refs. [274,274] and Ref. [186] for a general
overview of the field. The technical challenges to be address for quantum communication in
the coming years include the following:

Deep space communication: Among the planned projects for the future Lunar Orbital
Platform-Gateway (LOP-G) station on lunar orbit, is the Deep Space Quantum Link [276
]. The goals of the Deep Space Quantum Link are to test the effects of gravity and
different inertial reference frames on quantum teleportation, and to establish a space-
to-space QKD link between stations on lunar and low Earth orbits, i.e. the LOP-G and the
International Space Station respectively.

Quantum Internet: A road-map to the realization of a quantum internet requires the
development of quantum networks with increased functionality [186,277]. Trusted
repeater networks have already been demonstrated in metropolitan areas and between
cities [278-281] and with satellite links [183]. An extension of this requires entanglement
distribution through the network with and without quantum memories. This will enable
implementation of clock synchronization tasks and blind quantum computing. The final
development will require error correction capabilities throughout the network. This will
permit the operation of high fidelity quantum entanglement distribution and error
correction for globally distributed tasks. The step increase in functionality of the
network comes at the expense of increased technological difficulty.

Quantum Number generators: Despite these improvements to QRNGs, there are
important challenges that need to be overcome for their use in space networks. First,
the cost of QRNG technologies remain high and this makes alternative, less secure
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approaches attractive. Second, their miniaturization and space readiness is essential for
small quantum satellite missions. Finally, the quality assurance, certification, and
standardization of QRNGs is required. Current security evaluations of cryptographic and
security products use the Federal Information Processing Standards Publication 140
standard, which defines the minimum-security level [282]. Such a standard may inhibit
immediate adoption of QRNGs given their current technological readiness.

Fundamental Physics test with photons: Several other projects allowing to test BIV and

guantum mechanical entanglement at large scales are been planned at the national and
international level, driven mostly by the alluring possibility of a global quantum internet and
long distance quantum communication and cryptography. Examples are the Canadian
QEYSSat micro-satellite mission expected for 2022 [283] and the NASA's Deep Space
Quantum Link (DSQL), which will employ the Lunar Orbital Platform-Gateway - a space
station orbiting the moon - to establish a quantum link with ground stations which will allow
testing BIV [276] in conditions in which the spacetime curvature is expected to play a role.
The SAGE mission proposal includes among its main scientific objectives the test of BIV with
two satellites at a distance between 5000 and 30000 km playing the role of Alice and Bob.
At these distances, special and general relativistic effects are expected to be relevant.

4. Large-Mass Systems In Space

Om concrete space project under active development for large-mass optomechanical
systems in space is the MAQRO/QPPF project. There are certain demands on technology,
some of it new, as identified by ESA. Not all components or methods are interchangeable
across the photonics, cold-atom and optomechanics platforms.

Unique for optomechanics is the need to trap, control, and cool macro-sized objects, which
are substantially larger than single atoms and more prone to environmental decoherence
than photons. The technical challenges unique to a levitated optomechanics platform to
operate in space relate to the levitated test particles, their confinement, and enhancing the
coherence time [209]. The test particles must be dielectric and highly transparent and also
uncharged with uniform shape. Challenges to be addressed in the future include:

e Particle: The levitated optomechanics community uses the Stdber process to prepare
silica nanoparticles which is an example of a liquid phase sol-gel process [284]. A
molecular precursor (typically tetraethylorthosilicate) is first reacted with water in an
alcoholic solution causing resulting molecules to join together to build larger structures.
The reaction produces silica particles with diameters ranging from 50 to 2000 nm,
depending on the preparation conditions [285]. Recently, efforts have been made to
fabricate nanostructures using clean room processes on silicon wafers [286]. Since
levitated nanospheres are bulk objects, they are prone to light absorption and internal
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heating that is harder to control than for atoms and photons. Decoherence associated
to blackbody radiation should be smaller than 10°ms2/Hz2, requiring thermal stability
at the milli-Kelvin level [209].

e Particle source: Ideally, the same nanoparticle would be used repeatability over several
thousand runs. Since each run may take up to 1 s, the duration of time in which such
measurements are taken will inadvertently introduce some error spread as the attitude
motion of the spacecraft due to solar radiation may cause a shift in location. Levitated
particles must remain limited to a confined region with limitations on the photon
occupation numbers of <10 along the cavity and <10* perpendicular to it, to ensure
suitably coherent and quantum measurements [209].

e Cavity & Measurement: The length of a typical cavity for MAQRO would be 97 mm,
requiring a minimum finesse of 3x10* to achieve cooling close to the quantum ground
state. To ensure the nanosphere remains in the ground state, less than two collisions
should occur with 80% probability during the measurement period, which can be
sustained by the use of a reactive material, namely a getter material, placed inside the
vacuum that maintains the pressure. Indeed, when gas molecules stroke the material,
they combine with it chemically or by absorption.

ESA have launched a project in 2020 to address the particle source challenge for the MAQRO
mission. The project was allocated to the Tyndall institute in Ireland and is ongoing. The
approach is to build a technology based on a ultra-sound source to launch particles of various
sizes from surfaces on demand and to load those into the optical cavity trap.
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CONCLUSIONS

D3.3 reports on running and planned space missions using quantum technologies. We also
report on concrete technical challenges which have to be overcome by specific projects and
experimental platforms. We further report on general exercises to be done for progression
of technology TRLs, eventually ending up in space. The different experimental platforms are
developed to a different degree. Atomic Clocks (AC) and Cold Atoms (CA) communities work
on a number of concrete mission projects and the roadmaps lay clear ahead. The impact of
AC and CA is on both Fundamental Physics and Applications such as Earth Observations.
Quantum Communication (QC) is much likely the hottest space QT at the moment and a vast
amount of project is ongoing, planned and considered — many of which undisclosed to the
authors of this report. QC is becoming of considered security relevance and the technology
is already mature. Large-mass optomechanical system are much younger, but have seen the
development of key technologies, space missions could heavily rely on space technology
heritage, especially form LISA PF and LISA. A clearer trajectory seems to appear for the
formation of a strong consortium to push for large-mass optomechanical quantum
experiments in space. Applications of optomechanical devices on spacecrafts will be and
should be a field of future investigation and innovation. The potential of the technology is
immense.

Strategically, it could be of importance to anticipate joint missions between different QTs.
There is technological scope for this, such as by combining QC photonics technology with
guantum optomechanics as part of a ground-space-linked quantum internet. Atomic clock
satellite networks could be linked by QC light sources, and Cold atoms could be linked with
optomehanical sources. Various combinations are thinkable and indeed STE-QUEST, a hybrid
between AC and CA, had been proposed already a decade ago.

In general, two aspects have to be considered for such cross combinations: (i) The targeted
Fundamental Physics questions to be answered in space has to have the need to use more
than one QT, equally the QT applications for timing, navigation, Earth Observation or Sensing
must have a need for more than one QT, and (ii), the matching fit of different quantum
technologies and to fit on one satellite. It is our opinion that (i) is the more demanding
condition.
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