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these limitations and allow addressing such fundamental questions. MAQRO
harnesses recent developments in quantum optomechanics, high-mass matter-wave
interferometry as well as state-of-the-art space technology to push macroscopic
quantum experiments towards their ultimate performance limits and to open new
horizons for applying quantum technology in space. The main scientific goal is to
probe the vastly unexplored ‘quantum-classical’ transition for increasingly massive
objects, testing the predictions of quantum theory for objects in a size and mass
regime unachievable in ground-based experiments. The hardware will largely be
based on available space technology. Here, we present the MAQRO proposal
submitted in response to the 4th Cosmic Vision call for a medium-sized mission (M4)
in 2014 of the European Space Agency (ESA) with a possible launch in 2025, and we
review the progress with respect to the original MAQRO proposal for the

3rd Cosmic Vision call for a medium-sized mission (M3) in 2010. In particular, the
updated proposal overcomes several critical issues of the original proposal by relying
on established experimental technigues from high-mass matter-wave interferometry
and by introducing novel ideas for particle loading and manipulation. Moreover, the
mission design was improved to better fulfill the stringent environmental
requirements for macroscopic quantum experiments.
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1 Introduction

MAQRO is a proposal for a medium-sized space mission to use the unique environment
of deep space in combination with novel technological developments of space and quan-
tum technology to test the foundations of quantum physics. The central idea is to perform
matter-wave interferometry with massive objects (nanospheres of various materials, e.g.,
glass) with masses up to 10! atomic mass units (amus). Novel techniques from quantum
optomechanics with optically trapped particles are proposed to be used to prepare test
particles for these matter-wave interference experiments. The proposal was first submit-
ted in response to the 2010 ‘M3’ call of the ESA for a medium-sized space mission in ESA’s
Cosmic Vision program. The original proposal later was published in Ref. [1].

Since this original proposal, significant progress was made in terms of technology de-
velopment and in refining the details of the scientific instrument (also see Section 9).
A detailed technological study was performed under contract with ESA [2], and sev-
eral studies were performed with respect to the thermal design of the instrument [3,
4]. In a series of experiments, various groups demonstrated feed-back cooling [5, 6] and
side-band cooling of optically trapped particles [7—9]. A study on loading mechanisms of
nano- and microparticles for quantum experiments in space was performed under con-
tract with ESA [10], and experiments reported progress on loading, manipulating and
keeping particles in optical traps even at high vacuum [11-13]. Optomechanical cooling
close to the quantum ground state has been demonstrated for a variety of architectures
[14-16] and seems to be within reach for optically trapped particles [9]. A collaboration
of the University of Vienna, the University of Bremen and Airbus Defence & Space, suc-
cessfully implemented a high-finesse, adhesively bonded optical cavity using space-proof
glue and ultra-low-expansion (ULE) material [17]. The same technology is currently in
use to implement a high-finesse test cavity with the same specifications as needed for
MAQRO. Based on recent theoretical studies [18], the design of MAQRO was adapted for
preparing macroscopic superpositions with state-of-the-art non-linear-optics and laser
technology [19] also benefiting from recent advances in the single-mode transmission of
deep ultra violet (UV) light [20]. In this way, a central drawback of the initial MAQRO
proposal (the need for low power, extremely short-wavelength light) could be resolved.
Moreover, LISA Pathfinder (LPF) was successfully launched in December 2015 - a tech-
nology demonstrator for the Laser Interferometer Space Antenna (LISA) mission, which
served as model for the proposed spacecraft, launcher and orbit of MAQRO. By now, the
MAQRO consortium, founded in 2013, consists of 32 groups from 9 countries around the
world demonstrating the growing support within the scientific community.

Here, we present an update of the MAQRO proposal submitted in 2015 in response to
a new Cosmic Vision call of ESA for a medium-sized mission. This update takes into ac-
count the novel developments highlighted above and proposes additional improvements
to the mission design and the scientific instrument of MAQRO. A central goal is to address
and overcome potentially critical issues regarding the readiness of core technologies for
MAQRO and to provide realistic concepts for further technology development. Our work
presents a new benchmark and a review of relevant work towards a ground-breaking mis-
sion that will act as a technology pathfinder for novel, macroscopic quantum technology

and quantum optomechanics in space.
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2 Outline

This paper presents an updated version of the mission proposal MAQRO and the progress
in defining that proposal and to demonstrate key technologies since the original mission
proposal. We will begin in Section 3 by giving the central motivation for MAQRO and the
reasons for performing these experiments in space (the ‘case for space’). In Section 4, we
will outline the relation of MAQRO to past and future space missions. Section 6 defines
the requirements that have to be met in order to achieve the scientific goals of the mission.
These form the basis for deriving the technical requirements that have to be fulfilled by the
scientific instrument of MAQRO, which will be described in Section 7. In Section 8, we
will describe the outline of the mission itself like orbit requirements and mission phases,
and we will summarize the progress and changes with respect to the original mission pro-
posal in Section 9. Finally, Section 10 presents conclusions and outlook.

3 Motivation
In the following subsections, we will present the central motivation for MAQRO and the

reasons why the experiments to be performed by MAQRO have to be carried out in space.

3.1 What are the fundamental physical laws of the universe?

The laws of quantum physics challenge our understanding of the nature of physical re-
ality and of space-time, suggesting the necessity of radical revisions of their underlying
concepts. Experimental tests of quantum phenomena, such as quantum superpositions
involving massive macroscopic objects, provide novel insights into those fundamental
questions. MAQRO allows entering a new parameter regime of macroscopic quantum
physics addressing some of the most important questions in our current understanding of
the basic laws of gravity and of quantum physics of macroscopic bodies.

3.2 Fundamental science and technology pathfinder
The main scientific objective of MAQRO is to test the predictions of quantum theory
in a hitherto inaccessible regime of quantum superpositions of macroscopic objects that
contain up to 10'° atoms. This is achieved by combining techniques from quantum op-
tomechanics, matter-wave interferometry and from optical trapping of dielectric particles.
MAQRO will test quantum physics in a parameter regime orders of magnitude beyond
existing ground-based experimental tests - a realm where alternative theoretical models
predict noticeable deviations from the laws of quantum physics [21-23]. These models
have been suggested to harmonize the paradoxical quantum phenomena both with the
classical macroscopic world [24—27] and with notions of Minkowski space-time [28—30].
MAQRO will, therefore, enable a direct investigation of the underlying nature of quan-
tum reality and space-time, and it may pave the way towards testing the ultimate limit of
matter-wave interference posed by space-time fluctuations [31, 32]. Recent works showed
that MAQRO might even allow testing certain models of dark matter [33, 34]. In contrast
to collapse models, even standard quantum theory, in the presence of gravitation, predicts
decoherence for spatially extended, massive superpositions [35, 36]. While this is not ap-
plicable in a microgravity setting, ground-based tests in this direction may benefit from
the technology development necessary for MAQRO.

By pushing the limits of state-of-the-art experiments and by harnessing the space
environment for achieving the requirements of high-precision quantum experiments,
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MAQRO may prove a pathfinder for quantum technology in space. For example, quantum
optomechanics is already proving a useful tool in high-precision experiments on Earth
[37]. MAQRO may open the door for using such technology in future space missions.

3.3 Why space?
In ground-based experiments, the ultimate limitations for observing macroscopic quan-
tum superpositions are vibrations, gravitational field-gradients, and decoherence through
interaction with the environment. Such interactions comprise, e.g., collisions with back-
ground gas as well as scattering, emission and absorption of blackbody radiation. The
spacecraft design of MAQRO allows operating the experimental platform in an environ-
ment offering a unique combination of microgravity (<107° g), low pressure (<1073 Pa)
and low temperature (<20 K). This allows sufficiently suppressing quantum decoherence
for the effects of alternative theoretical models to become experimentally accessible, and
to observe the evolution of macroscopic superpositions over free-fall times of about 100 s.
The main reasons for performing MAQRO in space are the required quality of the mi-
crogravity environment (<10~ g), the long free-fall times (100 s), the high number of data
points required (up to ~10* per measurement run), and the combination of low pressure
(<107!3 Pa) and low temperature (<20 K) while having full optical access. These condi-
tions cannot be fulfilled with ground-based experiments.

4 MAQRO with respect to other missions

For MAQRO as well as for any other space mission, it is essential to see it in context with
successful missions in the past as well as in context with future missions MAQRO may
share common requirements with. With respect to earlier missions, MAQRO can benefit
from technological heritage, which could significantly reduce mission costs. In the case of
future missions, if the parameters of other missions are compatible with the requirements
of MAQRO, it could be possible to combine the MAQRO scientific instrument with other
instruments on a combined mission. This would significantly cut costs in terms of launch
and mission operation.

4.1 Technological heritage for MAQRO

MAQRO benefits from recent developments in space technology. In particular, MAQRO
relies on technological heritage from LPF [38], the scientific instrument of LPF, which
is called LISA Technology Package (LTP) [39], and on technologies from other mis-
sions like Gaia [40], Gravity field and steady-state Ocean Circulation Explorer (GOCE)
[41, 42], Microscope [43, 44], the Gravity Recovery and Climate Experiment (GRACE)
follow-on mission [45, 46] and the James Webb Space Telescope (JWST) [47]. The space-
craft, launcher, ground segment and orbit (Sun-Earth Lagrange Point 1 (L1)/Sun-Earth
Lagrange Point 2 (L2)) are identical to LPF.

The most apparent modifications with respect to the LPF design are an external, pas-
sively cooled optical instrument thermally shielded from the spacecraft, and the use of two
capacitive inertial sensors from ONERA technology. In addition, the propulsion system
will be mounted differently to achieve the required low vacuum level at the external sub-
system, and to achieve low thruster noise in one spatial direction. The additional optical
instruments and the external platform will reach the Technological Readiness Level (TRL)
‘technology validated in relevant environment (TRL 5)’ at the start of the BCD phases. For
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all other elements, we assume the TRLs to range from ‘technology demonstrated in rele-
vant environment (TRL 6)’ to ‘actual system proven in operational environment (TRL 9)’
because of heritage from LPF and other missions.

4.2 Alternative mission scenarios

Implicit strengths of MAQRO are its relatively low weight and power consumption such
that MAQRO’s scientific instrument can, in principle, be combined on the same spacecraft
with other missions that have similar requirements in precision and orbit. An example
could be sun-observation instruments benefiting from an L1 orbit. Another example could
be a combination with the ASTROD I mission or similar mission concepts fulfilling the
orbit requirements of MAQRO.

5 Scientific objectives

Do the laws of quantum physics remain applicable without modification even up to the
macroscopic level? This question lies at the heart of Schrodinger’s famous gedankenexper-
iment (thought experiment) of a dead-and-alive cat [48]. Matter-wave experiments have
confirmed the predictions of quantum physics from the microscopic level of electrons [49,
50], atoms and small molecules [51] up to massive molecules with up to 10* amu [52]. Still,
experiments are orders of magnitude from where alternative theories predict deviations
from quantum physics [23, 53].

Using ever more massive test particles on Earth may soon face principal limitations
because of the limited free-fall times as well as the limited quality of microgravity en-
vironments achievable on Earth. Currently, it is assumed that this limit will be reached
for interferometric experiments with particles in the mass range between 10® amu and
10% amu [18]. These limitations may be overcome by harnessing space as an experimental
environment for high-mass matter-wave interferometry [1]. At the same time, quantum
optomechanics provides novel tools for quantum-state preparation and high-sensitivity
measurements [54]. The mission proposal MAQRO combines these aspects in order to
test the foundations of quantum physics in a parameter regime many orders of magnitude
beyond current ground-based experiments, in particular, for particle masses in the range
between 108 amu and 10" amu. This way, MAQRO will not only significantly extend the
parameter range over which quantum physics can be tested. It will also allow for decisive
tests of a number of alternative theories, denoted as ‘collapse models’ predicting notable
deviations from the predictions of quantum theory within the parameter regime tested.

An important feature of MAQRO is that the parameter range covered has some overlap
with experiments that should be achievable on ground even before a possible launch of
MAQRO. This allows cross-checking the performance of MAQRO and to provide a fail-
safe in case the predictions of quantum physics should fail already for masses between
10® amu and 10® amu. In this case, MAQRO would not allow for observing matter-wave
interference due to the presence of strong, non-quantum decoherence. For this reason, the
MAQRO instrument is designed for allowing three modes of operation for testing quan-
tum physics over a wide parameter range - even in the presence of strong decoherence:

+ Non-interferometric tests of collapse models. The stochastic momentum transfer in
collapse models can lead to heating of the center-of-mass motion of trapped
nanospheres [55, 56]. This can, in principle, be observed by comparing the measured
noise spectra with theoretical predictions [57].
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« Deviations from quantum physics in wave-packet expansion. As in the
frequency-based non-interferometric approach above, this method is based on the
stochastic momentum transfer due to collapse mechanisms. In particular, the
momentum transfer leads to a random walk resulting in an increased rate for the
expansion of wave packets [55, 57, 58].

» High-mass matter-wave interferometry. This central experiment of MAQRO is based
on the original M3 proposal [1]. It has been adapted for harnessing the successful
technique of Talbot-Lau interferometry, which currently holds the mass record for
matter-wave interferometry [52]. The goal is to observe matter-wave interferometry
with particles of varying size and mass, comparing the interference visibility the
predictions of quantum theory and the predictions of alternative theoretical models.

In particular, the non-interferometric tests and observing wave-packet expansion will
allow for performing tests in the presence of comparatively strong decoherence mech-
anisms. If these two tests show agreement with the predictions of quantum physics,
MAQRO’s scientific instrument can then be used for performing matter-wave interfer-

ometry to test for smaller deviations from quantum physics.

5.1 Non-interferometric tests of quantum physics

The vast majority of the proposals for the test of collapse models put forward so far is
based on interferometric approaches in which massive systems are prepared in large spa-
tial quantum superposition states. In order for such tests to be effective, the superposition
has to be sufficiently stable in time to allow for the performance of the necessary mea-
surements. Needless to say, these are extremely demanding requirements from a practical
viewpoint. Matter-wave interferometry and cavity quantum optomechanics are generally
considered as potentially winning technological platforms in this context, and consider-
able efforts have been made towards the development of suitable experimental configu-
rations using levitated spheres or gas-phase molecular or metallic-cluster beams. Alter-
natively, one might adopt a radically different approach and think of non-interferometric
strategies to achieve the goal of a successful test.

MAQRO offers the opportunity for exploring one such possibility by addressing the in-
fluences that collapse models (or in general, any non-linear effect on quantum systems)
have on the spectrum of light interacting with a radiation-pressure-driven mechanical os-
cillator in a cavity-optomechanics setting. The overarching goal of this part of MAQRO
is to affirm and consolidate novel approaches to the revelation of deviations from stan-
dard quantum mechanics in ways that are experimentally viable and open up unforeseen
perspectives in the quest at the center of the MAQRO endeavors.

A benchmark in this sense will be provided by the assessment of the continuous sponta-
neous localization (CSL) model through a non-interferometric approach. In particular, we
will take advantage of the fact that the inclusion of the CSL mechanism in the dynamics
of a harmonic oscillator results in an extra line-broadening effect that can be made visible
from its density noise spectrum. By bypassing the necessity of preparing, manipulating,
and sustaining the quantum superposition state of a massive object, the proposed scheme
would be helpful in bringing the goal of observing collapse-induced effects closer to the

current experimental capabilities.
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The equation of motion of the optomechanical system (regardless of its embodiment)

in the presence of the CSL mechanism can be cast in the form given in Equation (1)

@=%[FI,(’)]+%[\Z,@]+N, 1)

S

where O is an operator of the system, H is the Hamiltonian of the mechanical oscillator
coupled to the cavity light field, N embodies all the relevant sources of quantum noise
affecting the system, and V/ is a stochastic linear potential (linked directly to the position
of the harmonic oscillator) that accounts for the effective action of the CSL mechanism
[56]. It can be shown that such a potential is zero-mean and delta-correlated, and thus em-
bodies a source of white noise that adds up to the relevant noise mechanisms affecting the
optomechanical system, namely the damping of the optical cavity and the Brownian mo-
tion (occurring at temperature 7') of the mechanical oscillator. A lengthy calculation based
on the study, in the frequency domain, of the fluctuation operators of both the optical and
mechanical system, leads to the following expression for the density noise spectrum of the

mechanical system’s position fluctuation:
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where «; is the steady-state amplitude of the cavity field, « is the cavity damping rate, y is
the optomechanical coupling rate. A is the detuning between the cavity field and an exter-
nal pump, m is the mass of the mechanical oscillator, y,, is the mechanical damping rate,
wy, is the mechanical frequency, and g is the inverse temperature of the system. Finally,

we have introduced:

yerl -, @)

mw,,

where X is the CSL coefficient. In our numerical simulations of the observability of the
effects, we have used the value of such parameter achieved by assuming Adler’s estimate
of the CSL mechanism’s strength. Quite evidently, the CSL mechanism enters into the
expression of the density noise spectrum as an extra thermal-like line broadening contri-
bution. While being formally rather appealing, this elegant result also suggests the strategy
to implement in order to observe the collapse model itself, and identifies the challenges
that have to be faced, namely a cold enough mechanical system that lets the )V-dependent
term dominate over the temperature-determined one. Our numerical estimate shows that,
indeed, it is possible to pinpoint the effects of the CSL contribution in a parameter regime
currently available in optomechanical labs. Figure 1 shows a typical result achieved by us-
ing the parameters stated in Ref. [56].

At the present state, this non-interferometric approach has not been investigated in suf-
ficient detail in the context of MAQRO. While this does not impede the main science
goals of MAQRO, we plan nevertheless to investigate this non-interferometric method
more closely during the study phase of MAQRO. It may offer the attractive possibility to

supplement the results of the other two experiments (Sections 5.2 and 5.3).
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Figure 1 Broadening of noise power spectra.
Comparison between the density noise spectrum of
the mechanical position fluctuation operators with
(solid red line) and without (dashed black line) the
influence of the CSL mechanism obtained using
Adler’s estimate of the CSL coupling strength and a
mechanical oscillator of 15 ng. The inset shows an
analogous study for m = 150 ng (figure from

Ref. [56]).

5.2 Deviations from quantum physics in wave-packet expansion
Most forms of decoherence can be described as resulting from the interaction of a quan-
tum system with its environment [59]. Examples are elastic and inelastic scattering as
well as emission of massive particles or radiation [60]. All of these interactions result in
a change of momentum, eventually leading to dephasing and decoherence of quantum
states. In a paper by Collett and Pearle [55], it was shown that decoherence mechanisms
assumed in collapse models also lead to momentum transfer. That means, even in the ab-
sence of standard decoherence mechanisms, collapse models may result in a random walk
due to stochastic momentum transfer. This random walk can, in principle, be observed
when comparing the expansion rate of a quantum wave packet with the predictions of
quantum theory as well as with the predictions of alternative models. Apart from the orig-
inal suggestion for such an experiment [55], there have also been more recent suggestions
to observe this effect using free-falling or optically trapped, dielectric particles [57, 58].
Even if there is no decoherence, the width of a quantum wave packet will expand over
time according to the Schrodinger equation. The square of the width of the wave packet
ws(£)? evolves according to the following relation:

. . £,
wy(t)* = (&°(1)), = (£°(0)) + ﬁ(pz(O)). 3)

Here, the subscript ‘s’ denotes evolution according to Schrodinger’s equation, m is the
mass of the particle, the angular brackets denote the expectation value for a given quantum
state, ¥ denotes the position operator, and p denotes the momentum operator. Equation (3)
relates the width of the wave packet at time ¢ with the initial width of the wave packet and
the initial width of the momentum distribution.

In the presence of decoherence, the width of the wave packet increases more quickly:

2
w(t)® = (&*(2)) = wy(£)* + %t? (4)
3m

Here, A is a parameter governing the strength of decoherence mechanisms. The width of
the wave packet is not an observable - it has to be inferred from the statistical distribution
of many measurements [61]. If we assume that we perform N measurements of the particle
position and if the result of the jth measurement is x;, for large N, the width of the wave
packet can be approximated as:

(5)
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Given that the error of each position measurement is Ax; = o, the error of our estimate of
the width of the wave packet will be:

(6)

Aw= ———~=~

where the approximation holds for large N.

The mode of operation of this experiment is to determine the wave-packet size as a
function of time ¢, and to compare these measurements with the predictions of quantum
physics using Equation (4). In this way, we can experimentally determine the decoher-
ence parameter A and compare it with the predictions of quantum physics. The more A
deviates from the value predicted by quantum physics, the easier it will be to discern by
measuring the wave-packet expansion.

For simplicity, let us assume that we have a well isolated quantum system, i.e., quantum
physics predicts A = 0 or at least much smaller than the deviation we want to measure.

The minimum A we can distinguish experimentally from the case of no decoherence is:

ows(t)

_a,2
A > Apin =3m 7«/Aﬁh2t3'

(7)

We can relate this minimum decoherence parameter to a decoherence rate I' = r2A by
introducing a representative length scale r. = 100 nm. This is a typical length scale for
the experiments in MAQRO and also the same as the length scale chosen in the collapse
model of Ghirardi, Rimini and Weber [24]:

, ows(t)r?

m —.
VN —1R2£3

1—‘min = Aminr2 3

¢ = (8)
In Figure 2, we compare the predictions of several collapse models with that minimum,
discernible decoherence rate I'y,;,. The figure shows that, by investigating wave-packet
expansion, MAQRO can, in principle, perform decisive tests of the CSL model even with
the originally suggested parameters [27, 55], and MAQRO could test the quantum grav-
ity model of Ellis and others [62, 63]. However, the plot also illustrates that wave-packet
expansion will neither allow testing the model of Karolyhdzy nor that of Diési-Penrose.
In order to estimate the values plotted in Figure 2, we assumed that we let the wave-
packet expand for a maximum of 100 s, and that we collect at most N = 24 x 103 data

Figure 2 Comparison of A i, with the
predictions of several collapse models. We 1077
compare the minimum decoherence parameter
needed to be experimentally discernible (black,
solid line) with the decoherence parameters
predicted for the CSL model with

A =22 x 107" Hz (black, dashed), the
quantum-gravity model of Ellis et al. (blue, long 10000[-
dashed), the model of Didsi & Penrose (red,
dot-dashed), and the model of Kérolyhdzy (green, T ) o0 o
dotted). Where models predict a higher mass (amu)

decoherence rate than 'y, One can, in principle,

distinguish them from the predictions of quantum physics.

1051

10|

A(m?sT)

107




Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 10 of 47

Figure 3 Minimum CSL parameter A in. The two
lines show the prediction of the minimum CSL 5.x10°"7
parameter Amin discernible from the case of no
decoherence - for the cases of a test particle of
fused silica (solid, black) and of Hafnia (HfO,, blue,
dashed).

2.x1077

1.x107"7

min. Agst (1/s)

5.x10718

1x10%8  2x108 5x10%  1x10° 2x10° 5x10° 1x10"°

mass (amu)

points to experimentally estimate the decoherence parameter. The number of data points
was chosen in order to limit the integration time to at most four weeks. Moreover, we
assumed our test particle to initially be in a thermal state of a harmonic oscillator - with
a mechanical frequency @ = 10° rad/s, an average occupation number of 0.3, and that we
can determine the particle position with an accuracy of 100 nm. Because the mechani-
cal frequency for an optically trapped particle only depends on the mass density and the
material’s dielectric constant, the mechanical frequency is roughly constant for the par-
ticles chosen for MAQRO. The occupation number, however, is assumed to be inversely
proportional to the mass of the test particle because it depends on the optomechanical
coupling achievable.

Because testing quantum physics using wave-function expansion was first introduced
for the CSL model [55], and because the CSL model represents a rather general, heuristic
approach to collapse models, we will now discuss the prerequisites for testing the CSL
model in the context of MAQRO. The CSL model depends on two parameters, a and
A, where a4 = 100 nm defines the typical length scale at which the CSL model predicts a
transition from quantum to classical behavior. For A, which predicts the rate of decohering
events on the microscopic level, a wide variety of values have been suggested, ranging from
2.2 x 10717 Hz [27, 55] to 1078 Hz [64]. The smaller one assumes the value of A, the smaller
the deviation from quantum physics. Using Equation (8), we can now estimate the smallest
value of A that MAQRO would allow detecting. In particular, we get:

2 -1 -1 2
m r r 12a°o w;(t)
)‘-min:4 o - Amin 2 - 75’ 9
“ (m)f<a> >mf‘f(a> VN -1r283 ©

where 1, is the proton mass, and [55]:

fx)= %[1 - % + (1 + xz—z)e"xz}. (10)

In Figure 3, we plot Anin as a function of the particle mass for the case of two different
nanosphere materials. The plots show that MAQRO should allow testing the CSL model
for localization rates A even lower than the originally assumed parameters in Refs. [27,
55]. Comparing this result with the plot in Figure 2 shows that MAQRO will also allow
testing the quantum gravity model of Ellis et al.

5.3 Decoherence in high-mass matter-wave interferometry
Using matter-wave interferometry with high-mass test particles is the most sensitive tool
of MAQRO for testing quantum physics. While the other techniques described earlier
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allow testing deviations from quantum physics for values of the decoherence param-
eter larger than A, ~ 101 m2 57!, high-mass matter-wave interferometry will allow
MAQRO testing for even smaller deviations.

In the original MAQRO proposal for the M3 call [1], the approach suggested was us-
ing far-field interferometry based on preparing a double-slit-like quantum superposition
where a massive particle is in superposition of being in two clearly separate positions.
Since this original proposal, we have adapted MAQRO to use near-field interferometry
instead. In particular, the novel approach is based on well-established techniques having
been used in a series of high-mass matter-wave experiments [65], originally using Talbot-
Lau interferometry [66]. Typically, near-field matter-wave interferometry is performed
using three gratings. The first grating is used for providing a coherent source of particles.
This second grating is the center-piece of the interferometer where the high-mass quan-
tum superposition is prepared. Finally, a third, absorptive grating is used for determining
the presence of a periodic interference pattern.

Over the last two decades, this approach has been adapted for numerous experi-
ments, steadily improving the approach’s applicability to ever higher test-particle masses
and sizes. For example, one can replace one or more of the gratings with standing-
wave, optical gratings instead of nano-fabricated, material gratings. For example, if the
first and third grating are absorptive gratings, the second grating can be a pure phase
grating (see, e.g., Ref. [52]). In the most recent and, so far, most powerful adaptation
of this technique, all three gratings are replaced by optical gratings, implementing an
optical time-domain ionizing matter-wave interferometer (OTIMA) [67].

An alternative approach using only one, pure-phase grating has been proposed recently
[18]. Here, we adapt it for use with MAQRO. In particular, instead of using a grating as a
coherent source, the source consists of an intra-cavity optical trap used to initially position
and to 3D-cool the center-of-mass motion of an individual, trapped particle - that means,
the motion of the particle is cooled in all spatial directions (see Figure 4(left)). After this
step of preparation, the particle is released from the trap, and the corresponding wave-
function will expand for a time #. Then a second optical beam, perpendicular to the first
one, is switched on. This beam forms a standing-wave upon reflection from a mirror. Ei-
ther one uses another cavity for this or a simple reflection at a mirror (see Figure 4(right)).
The optimal option for this beam’s wavelength A, will be discussed in Section 6.1. This
second beam acts as a pure phase grating with grating period d = A,/2. After applying this
grating, the state will evolve freely for a time t,, and then all optical fields are switched
on in order to measure the position of the particle. The complete process is repeated N
times, and the histogram of the particle positions measured can be used to reconstruct

the interference pattern.

Figure 4 Schematic of the novel near-field interferometry

approach for MAQRO. The approach uses a cavity and a

standing-wave grating. First a particle is trapped and its

center-of-mass motion 3D-cooled using modes in the first cavity

(left). The red dot indicates the particle position. Then the particle is @ ®)
released, and the wave-function expands for some time t;. After that

time, the optical phase grating is applied for a short time (right). The

expanded red region illustrates the expanded wave-function.
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We will assume a maximum overall time T = £; + £, ~ 100 s. This is necessary in order to
keep the total integration time for observing an interference pattern within a reasonable
time-frame given the limited life time of a space mission. Moreover, longer integration
times would be incompatible with the quality of the microgravity environment achievable
in MAQRO.

We will assume that the initially prepared state is Gaussian, and if we concentrate only
on one dimension in the direction we apply the phase grating in, then the corresponding
characteristic function is [18]:

olg® + crpzs2 ) )

xo(s,9) = exp <— o7

Here, o, and o, are the position and momentum uncertainties of the initial state, respec-
tively. Then the interference pattern close to the original position of the particle can be
written as (also see Ref. [18]):

P(x) Z exp(inkgx)Jon[ do sin(rw nx) ]

o om
V2mo, T =2

X exp|:—1 (nk o éz)] exp[—M]
PR 3 '

To enable this compact notation, we have introduced several definitions. Central to this
approach is the Talbot time ¢ = (md?)/h, where h is Planck’s constant, m is the particle
mass, and d is the grating period. The Talbot time defines the time scale of the interference.
In particular, close to multiples of the Talbot time, the wave-function after applying the
phase grating will again have a similar periodic distribution as the grating itself but with
the grating period enhanced by a factor u = T/¢;. This is the Talbot effect. In addition,
we introduced k; = 27 /ud, a = ti/tr, B = t/tr and k = af/(a + B). ¢y denotes the phase
applied to the quantum state at the antinodes of the phase grating [18], and /,(x) is a Bessel
function of the first kind.

It is important to note that an interference-like pattern can also be observed for purely
classical particles. This is due to a moiré shadowing effect [66], and the resulting classical
‘interference pattern’ can also be described using the expression for P(x) but replacing
sin(m nk ) with wnk [68]. In Figure 5, we plot the corresponding visibilities for the quantum
and the classical case in the absence of decoherence. The plot shows a marked difference
between the quantum and the classical predictions - in visibility and in the dependence
on ¢ [18].

Figure 5 Classical vs. quantum interference
visibility. Here, we plot the expected quantum
(solid black) vs. the corresponding classical
interference visibility (blue, dashed) as a function of
@ for a test particle of mass m = 10% amu,
T=100s,and A4 = 200 nm for the wavelength of
the beam for the standing-wave grating.

visibility
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Figure 6 Visibility reduction due to 10F
decoherence. Quantum interference visibility
reduces as a function of the strength of 08

decoherence, parametrized by the parameter A.
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In the presence of decoherence, the interference visibility drops as plotted in Figure 6.
The plot was calculated for a mass m = 10° amu, T =100 s and d = 100 nm. For lighter
masses, we may, in principle, even choose shorter times 7' < 100 s. However, the phase ¢g
experienced by our particles for a given energy Eg of the optical grating (optical power

integrated over the time the grating is turned on) decreases with decreasing particle size:

_ 2 Re(a)EG

0 = (12)

hcegag

where €, is the vacuum permittivity, ¢ is the speed of light, a¢ is the waist of the UV
mode, and « is the polarizability of the particle. « is proportional to the particle’s mass.
Every decrease in mass therefore has to be compensated by higher intensity of UV light
in order to achieve the same phase shift. For the smallest particles used in MAQRO, it is
even preferable to use infra red (IR) light instead (see Section 6.1).

According to Figure 5, the difference between quantum and classical visibility is very
pronounced for ¢g & 4.2. For this choice of phase, we plot the expected quantum and clas-
sical interference patterns in Figure 7. As expected, the quantum interference shows sig-
nificantly higher visibility. The plots also demonstrate the marked difference in the shapes

of the quantum and classical predictions (see also Ref. [18]).

6 Scientific requirements

Here, we will outline the requirements for realizing the scientific objectives of MAQRO.
The requirements for observing high-mass matter-wave interferometry are significantly
more stringent than for the other scientific objectives (non-interferometric tests of quan-
tum physics, testing quantum physics by observing wave-packet expansion). For this rea-

son, we focus on the requirements for demonstrating high-mass matter-wave interferome-
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Table 1 Overview of the scientific requirements of MAQRO

Parameter Requirement
Nominal mission lifetime (without possible extension) 2 years
Environment temperature <20K
Acceleration sensitivity
along UV cavity <1 (pr/s?)/+/Hz
along IR cavity <100 (pm/s%)/~/Hz
perpendicular to optical bench <5 (nm/s%)/~/Hz
Optical-trapping occupation number
along cavity <10
orthogonal to cavity <10t
Test particles
Mass 108 amuto 10" amu
Charge Oe”
Type dielectric, transparent at 1,064 nm
Size 30nmto 120 nm
Temperature <25K
Period of phase grating 100 nm
Accuracy of position detection
along UV cavity 20 nm
along IR cavity 100 nm
perpendicular to optical bench <60 um
Time for on-demand particle loading <1005
Measurement time per data point <100s
Vacuum - particle density <500 cm™

try - then the requirements for the other scientific objectives will automatically be fulfilled

as well. An overview of the scientific requirements can be found in Table 1.

6.1 Phase grating
This requirement only applies for high-mass matter-wave interferometry. As discussed
in Section 5.3, a pure phase grating with a grating period d = 15/2 can be realized by an
optical standing wave with wavelength A¢. Here, we describe the scientific requirements
for implementing this pure-phase grating.

In matter-wave interferometry based on the Talbot effect, the time scale for the free evo-
lution before applying the phase grating (¢1) and the time between this event and the final
position measurement (t,) are determined by the Talbot time ¢ = (md?)/h (m: particle

mass; d: grating period; /: Planck’s constant). To see reasonable interference visibility, we

must have:
it T
=22 < = (13)
Ttr 4tr

where T = ¢; + ¢, is the overall measurement time per data point. As mentioned in Sec-
tion 5.3, to get reasonable particle statistics and in order to get realistic requirements on
the microgravity quality (see Section 6.6), we have to require 7' <100 s. Because the Tal-
bot time is proportional to the particle mass, this requirement results in an increasingly
more stringent upper bound on « for high test masses. On the other hand, « should be on
the order of 1 in order to see a noticeable difference between the quantum prediction of

an interference pattern and classically expected moiré ‘shadow patterns. In combination
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Figure 8 Critical mass over grating period. We ool i i i iy
plot the approximate upper mass limit for seeing
‘useful’ interference as a function of the grating 5x108|
period d. _
g
1x10°
5%107 ~_]
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Figure 9 Interference visibility for high masses.
Comparison of quantum visibility (solid, black) and
classical visibility (dashed, blue) for m = 10'% amu.

visibility

Figure 10 Expected high-mass interference
patterns. The black, solid line is the quantum 2500
prediction for test particles with m = 10'° amu. The
blue, dashed line is the classical prediction. The two
patterns are qualitatively different.

|
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with Equation (13), this yields a limit on the particle mass:

hT

m 5 Merit = m.

(14)

Figure 8 shows this (rough) mass limit as a function of the grating period chosen. We see
that for performing experiments in the mass regime around 10° amu, the grating period
should be d <100 nm. We choose 100 nm for the grating period in MAQRO because it is
the shortest wavelength that will be achievable in space in the foreseeable future.

While this is not a strict limit, the interference pattern observed will become ever closer
to the classically expected one for increasing mass. Figure 9 shows that high-visibility
interference is still possible for m = 10! amu, and the dependence on ¢y allows a clear
distinction between classical and quantum interference patterns. Figure 10 compares the
classical and quantum predictions.

We also mentioned earlier that the power we need to apply for the phase grating be-
comes higher for smaller particles. For a duration of 1 ps of the grating and a fused-silica
particle of mass m = 10® amu, the optical power would need to be 5 mW. For a mass of
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m = 10° amu, the required power would still be 0.5 mW. For m = 108 amu, we can in-
stead use a phase grating with Ag = 1,064 nm. For that wavelength, the necessary power
of 6 mW is easy to supply - in particular, if we use a low-finesse cavity for enhancing the
power applied.

6.2 Test particles

To fulfill MAQRO’s scientific goal of testing the predictions of quantum physics and to
compare them with the predictions of competing models over a wide parameter space,
MAQRO needs to operate with test particles of various sizes and materials. In particular,
MAQRO requires particles with different mass densities to test the dependence of the
measurements results on particle mass. Collapse models typically depend more strongly
on particle mass than quantum physics, which facilitates their experimental distinction.

Known decoherence mechanisms like the scattering, emission and absorption of black-
body radiation depend strongly on the particle size. Performing experiments with parti-
cles of different radii will enable tests of such decoherence mechanisms in a new size range
while, at the same time, allowing to test alternative theoretical models.

Because MAQRO relies on optically trapping particles, the particles must be dielectric
and highly transparent. The particles should also be uncharged. Otherwise, there could be
additional, strong decohering mechanisms, and the particles may get lost due to electro-
static interaction with the potentially charged optical bench. The particles do not neces-
sarily need to be spherically symmetric. If they are not, the rotational degree of freedoms
need to be cooled in addition to the translation degrees of freedom [69, 70].

MAQRO uses scientific heritage from LPF with respect to 1,064 nm optics and a
1,064 nm laser system. For that reason, the test particles need to be transparent at this
wavelength. Possible choices for highly transparent materials at this wavelength are vari-
ous types of fused silica, hafnia (HfO,) and diamond. The mass density of these materials
ranges from p = 2,200 kg m~> (fused silica) to p = 9,700 kg m~2 (hafnia).

The scientific goal of MAQRO is to perform tests in the mass range from 108 amu to
~10' amu. Using fused silica with p = 2,200 kg m™, we can cover this mass range with a
nanosphere size range of 30 nm to 120 nm. Using other materials, MAQRO can perform
tests for even higher particle masses. The size of the test particles will be comparable to the
grating period. In order to get large enough phase shifts, the particle sizes will, therefore,
have to be chosen to fulfill Mie-resonance conditions. If this is taken into account, then
the relatively large size of the particles will not be a concern. This is discussed in detail in
the thesis of S. Nimmrichter [71].

6.3 Particle loading

The loading mechanism for loading single, dielectric particles into the optical cavity used
for state preparation is a central element of MAQRO. For each measurement, it is required
to deliver, on demand a single particle to the optical trap. In order to not significantly
prolong the time for a measurement run, the time for particle loading needs to be short
compared to the measurement time 7" = 100 s. The particles delivered have to be neutral
and should have an internal temperature T; < 25 K as described in Section 6.5.

6.4 State preparation
A prerequisite of MAQRO is that the motion of the trapped particle can be cooled close to
the quantum ground state. This is not necessary for the high-mass interferometry scheme
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as proposed in Ref. [18]. For MAQRO, however, it is imperative that the particle remains
limited to a defined region around the original trapping position while the wave function
expands. On the one hand, this is necessary in order for the particle to stay within the UV
beam used for the phase grating. On the other hand, particles lost from the experimental
region might get stuck to optical elements on the optical bench. Such a contamination of
the optical elements would eventually lead to a reduction in performance of MAQRO.
For these reasons, it is paramount that the motion of the trapped particle is cooled close
to the ground state of motion along the cavity axis. Along the axes perpendicular to the
cavity axis, the mechanical frequency is much lower but the occupation in this direction
should, in energy, also correspond to the occupation along the cavity axis. In order for
the particle to stay within a radius of 1 mm (the waist of the UV beam), we require an

occupation number of <10 along the cavity and <10* perpendicular to that.

6.5 Minimizing decoherence effects

As we have stated earlier, in order to be able to see high-mass matter-wave interference
in MAQRO, we have to ensure that decohering effects are small enough. In particular,
the decoherence parameter A has to fulfill A < 10! m~2 s7! (see Figure 6). From this, and
assuming fused-silica test particles, one can conclude that the internal temperature of our
particles has to fulfill T; < 45 K, and the environment temperature also has to fulfill the
same requirement 7, < 45 K. Given these requirements, decoherence due to scattering,
emission and absorption of blackbody radiation will be small enough to observe high-mass
matter-wave interference.

However, in order to test for deviations from quantum physics like those predicted by
collapse models, the usual decoherence mechanisms should be at most of the same size as
the decoherence mechanisms we want to test for. Figure 6 shows that MAQRO could, in
principle, detect any decoherence mechanisms with a parameter A > A i, = 102 m=2 57!
because they would lead to a noticeable reduction in interference visibility. In order to
achieve such low level of decoherence, the requirements on the internal temperature of
the test particles and on the environment temperature are accordingly more stringent.

The particle temperature will always be larger than the environment temperature. By
limiting the environment temperature to <20 K, and the particle temperature to <25 K,
we can limit the respective decoherence to A <10 m~2 s71, If these requirements are not
fulfilled but allow for seeing interference in principle, one will have to carefully account for
known decoherence mechanisms and check for any additional reduction of interference
visibility.

In Figure 11 we plot A for various decoherence models. MAQRO allows testing al-
ternative theoretical models if they predict a A > Ap,. The plots show that MAQRO
can test the CSL model and the quantum gravity (QG) model already for masses start-
ing from m = 108 amu. In order to also test the Diési-Penrose (DP) model and the
Karolyhdzy model (K model), the particle mass has to be on the order of m = 101° amu.

An additional decoherence effect may be collisions between the test particles and vari-
ous atoms or molecules - i.e., in imperfect vacuum conditions. The de-Broglie wavelength
[72] of such particles will always be significantly shorter than the size of our test particles
and the size of the quantum states investigated. For that reason, already one or a very few

collisions of our test particles with such other particles will decohere our quantum state.
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Figure 11 Decoherence parameter for various

collapse models. We plot the decoherence 10
parameter A as a function of mass. CSL model:
solid, black; QG model: dashed, black; DP model: 10

dot-dashed, green; K model: dotted, red.
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The frequency of such collisions can roughly be estimated as:
Ve = 7rr2vgp. (15)

This scattering cross section assumes that every particle geometrically hitting the test par-
ticle will effectively decohere the quantum state. Let us further assume that 7' =100 s, and
that the gas-particle velocity is 700 m/s for T, = 20 K (that’s a worst-case scenario: hy-
drogen atoms in equilibrium - the lower the particle mass, the higher the equilibrium
velocity). If we want to have less than one collision during a measurement run, this limits
the gas density to p < 500 cm ~3. For thermal equilibrium at 7, = 20 K, this corresponds
to a pressure of p < 107!3 Pa. For faster particles (e.g., direct exposure to solar wind), this
limit is accordingly more stringent as illustrated in Figure 12 but, at the same time, the
particle density is expected to drop for higher particle energies. These requirements may
be relaxed upon more detailed investigation of the scattering cross sections of the parti-
cles present at the MAQRO orbit. Moreover, the particle density is expected to be reduced
due to the wake-shield effect of the spacecraft and the thermal shield.

6.6 Microgravity environment

During the time the test particle is in free fall, it is subject only to gravitational forces.
Due to field gradients, the spacecraft and the test particle will experience slightly different
gravitational fields. In addition, the spacecraft itself is the source of a gravitational field. If
we assume a spacecraft mass of 250 kg, a particle mass of m = 101° amu, and an effective
distance of 1 m between the two masses, gravitational attraction towards the spacecraft
will displace the test particle by ~80 pm over a time of 100 s. While this is significantly
less than the wave-packet expansion during that time, it has to be taken into account very
accurately. Gravitational fields parallel to the measurement axes defined by the two cavities
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illustrated in Figure 4 have to be known even better. Especially in the direction in which
we want to observe high-mass matter-wave interference, the position of the particle has
to be known much better than the grating period of 100 nm.

If we are to compensate for the gravitational field of the spacecraft itself or if we want
to compensate solar radiation pressure acting on the spacecraft, we have to use micro
thrusters. However, such thrusters inevitably have force-noise, which effectively leads to a
random walk of the spacecraft. If this random walk is known, then changes of the position
of the spacecraft relative to the test particle can be taken into account in the measurement
results. If the random walk is not known, then it may blur the interference pattern similar
to decoherence. In particular, if we assume white thruster force noise FNy N/ +/Hz, then
the effect of thruster noise on the interference pattern can be described via an effective
‘decoherence’ parameter:

_ N (16)

where M is the mass of the spacecraft, and m is the mass of the test particle. As an exam-
ple, for M =250 kg, m = 10 amu, and for a thruster force noise of FNj = 100 nN/+/Hz as
in LPF, we get Ay, = 8 x 10" m~2 57!, This shows that thruster noise is a critical issue. As
mentioned earlier, this is not a problem if the random walk of the spacecraft is known to
high enough precision. The precision necessary is not the same in all three spatial direc-
tions.

Parallel to the UV cavity (and the interference pattern), the effective ‘decoherence’ due
to the random walk has to fulfill A < Ap;,. In terms of accuracy for acceleration mea-
surements along this axis this corresponds to <1 (pm s~2)/+/Hz. Parallel to the IR cavity,
the requirement is defined by the position accuracy of 100 nm we need for accurately
measuring wave-function expansion (see Section 5.2). This results in <100 (pm s~%)/+/Hz
accuracy for acceleration measurements. Perpendicular to the IR and the UV cavity, the
requirement is more relaxed because the position only has to be known much better than
the waist of the IR cavity mode (~60 um). This results in <5 (nm s72)/+/Hz for accelera-
tion measurements.

6.7 Position detection

The period of the interference patterns to be observed will be only slightly larger than the
grating period of 100 nm. For that reason, in order to resolve these patterns, we need to
detect the position of the test particles with accuracy much better than 100 nm along the
direction of the UV cavity. Along the IR cavity, the position accuracy only needs to be
100 nm in order to achieve high enough accuracy for measuring wave-packet expansion
(see Section 5.2). In the direction perpendicular to the UV and the IR cavities, the accuracy
has to be much better than the IR cavity waist (~60 um) to enable taking into account the
IR wave-front curvature.

7 Proposed scientific instrument

To fulfill the stringent requirements on the environment temperature and the particle den-
sity of the residual gas, MAQRO is divided into two subsystems. The ‘outer subsystem’
(see Section 7.1) is placed outside the spacecraft and isolated from the spacecraft via ther-
mal shields. The inner subsystem (see Section 7.2) contains most optical and electronic
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Parameter Requirement
Nominal mission lifetime (without possible extension) 2 years
Environment temperature <20K

Acceleration sensitivity
along UV cavity
along IR cavity
perpendicular to optical bench

Optical-trapping occupation number

<1 (pm/s?)/v/Hz
<100 (pm/s%)/~/Hz
<5 (nm/s?)/+/Hz

along cavity <10
orthogonal to cavity <10t
Period of phase grating 100 nm
Accuracy of position detection
along UV cavity 20 nm
along IR cavity 100 nm
perpendicular to optical bench <60 um
Time for on-demand particle loading <1005
Measurement time per data point <100s
Vacuum - particle density <500 cm™3
IR-cavity finesse >3 x10*
IR + UV-cavity finesse for IR <30
IR 4+ UV-cavity finesse for UV no UV cavity
See also Table 1.
Table 3 Overview of the assemblies comprising the outer subsystem
Assembly name Link to description Current TRL Heritage
Thermal-shield structure 711 5 JWST, Gaia
CMOS camera 7.1.2 6 JWST
Optical-bench assembly 713 6 LPF
High-finesse IR cavity assembly 714 4-5
Low-finesse IR + UV cavity ass. 7.15 3
Loading mechanism 7.1.6 3
Accelerometer 717 5 GOCE, Microscope, ...

equipment. Optical fibers and an electric harness provide the interface between the two.
In Table 2, we provide an overview of the technical requirements of MAQRO.

7.1 Outer subsystem

The outer subsystem can be divided into several assemblies - they are listed in Table 3,
along with links to detailed descriptions and an assessment of the TRL at the time of the
M4 mission proposal.

7.1.1 Thermal-shield structure
This outer subsystem contains as few sources of dissipation as possible to achieve optimal
passive cooling by radiating directly to deep space. The design also allows direct venting
into space, to achieve an extremely high vacuum level. This concept was originally devel-
oped for the M3 mission proposal of MAQRO [73], based on related approaches in JWST,
Gaia [40] and the Darwin mission proposal [74]. The design was refined in an ESA-funded
study [2] and in increasingly detailed thermal simulations [3, 4]. Figure 13 shows the shield
geometry.

As we stated in Section 6.5, to see matter-wave interference in MAQRO, the environ-
ment temperature has to fulfill 7, < 45 K. In order to use the interferometer to test for
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optical bench deep space (3K)
(ZERODUR®)
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Figure 13 CAD drawing of heat-shield geometry. The structure is attached to the spacecraft facing away
from the sun. Three glass-fiber reinforced plastic (GFRP) struts hold three consecutive shields isolating the
optical bench from the spacecraft surface (image source: Ref. [4]).

small deviations from the predictions of quantum physics, the environment temperature
has to be even lower: T, < 20 K. In a thermal study, finite-element simulation was used
to demonstrate that these conditions can be fulfilled using the thermal-shield concept
of MAQRO [3]. In particular, it was shown that all elements on the optical bench could
passively be cooled to T, ~ 27 K, and that the immediate volume around the trapped test
particle (the ‘test volume’) could reach an even lower temperature 7, ~ 16 K. This thermal
study confirmed that the shield geometry was near optimal. In particular, more than three
consecutive shields would not bring a significant advantage, while reducing the number
of shields to two would lead to a significant increase in the temperature achievable. These
results could be further improved in a more detailed thermal analysis. In particular, this
was achieved by using reflective instead of refractive optics [4] - yielding a temperature of
T, ~ 25 K for the optical bench and 7T, ~ 12 K for the test volume.

The design of the heat shield is based broad technological heritage and the use of space-
proof materials. That means, all structural components of the heat shield are space-proof.
For this reason, we assess at least TRL 5 for this assembly.

7.1.2 Complementary metal-oxide semiconductor (CMOS) camera

Optical detection of the position of the test particles plays a central role in MAQRO. To
this end, several techniques are combined. One of these techniques is to detect scattered
light. For this purpose, we can use technological heritage for a CMOS camera from the
JWST [75, 76]. In particular, this technology has been designed in order to allow a separa-
tion of the CMOS detector chip from the preprocessing chip [75]. This way, the detector
chip with low dissipation can be placed on the optical bench while the preprocessing chip
(higher dissipation) can be placed further away from the sensitive experimental region.
This is illustrated in Figure 13. For this technology, we estimate TRL 6 or higher.

7.1.3 Optical-bench assembly
In Figure 4, we assumed that we would potentially use two orthogonal cavities which we
denote here as the IR (high-finesse) cavity and a low-finesse IR + UV cavity. The latter



Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 22 of 47

detector chip R8 UVR1
\ & =
: \ UWR3 el
3 UVR2
= ’ wp3
,DRI |:|
==
feoie - F3-1-{RC3
IRC2 DWR1
F2
wp2 WPL
FT
a =
< |
R3 S2 R2 R1S1 F1 IRC1
R4 DWR2
(=]
R7 R6
i F4
U IRC4

Figure 14 Top view of the optical bench. The optical bench is 20 x 20 cm? large. UVR: UV mirrors; R: IR
mirrors; DR: dichroic mirrors; DWR: dual-wavelength mirrors; UVC: UV couplers; IRC: IR couplers; WP:
quarter-wave plates; F: lenses; FT: base-plate feed-through S: spacers holding cavity mirrors. The mirrors R1
and R2 form a high-finesse IR cavity containing several modes (violet beam path originating at IRC1). DWR1
and DWR2 form a low-finesse cavity for IR light. The IR beam is indicated in light red, originating from IRC3
and coupled in again at IRC4. The UV beam originates at UVC1. The red-shaded, broad path indicates
scattered-light imaging.

was assumed to potentially be a dual-wavelength cavity for 1,064 nm and for ~200 nm.
However, a more detailed analysis shows that we will not be able to use a ~200 nm cavity
due to reasons of thermal stability. This is discussed in more detail in Section 7.1.5. Never-
theless, we will denote the cavity as IR + UV cavity to distinguish it from the high-finesse
IR cavity.

Based on these considerations, Figure 14 shows the optical assembly on top of the op-
tical bench. As we sketched earlier in Figure 4, the main elements are two orthogonally
oriented cavities: a high-finesse cavity for 1,064 nm light formed by the mirrors R1 and
R2. For increased stability and for easier alignment, these mirrors are mounted on blocks
of ULE material with a center hole (‘spacers’ S1 and S2). A second cavity (low-finesse, dual-
wavelength for ~200 nm and 1,064 nm) is formed by the dual-wavelength mirrors DWR1
and DWR2.

Four IR fiber couplers IRC1 to IRC4 supply the optical bench with IR light and/or cou-
ple it back in again for further use. For directing the UV beam, we use ultra-violet mirrors
(UVRs) and dichroic mirrors (DRs). In some instances, dual-wavelength mirrors (DWRs)
are used to simultaneously reflect UV and IR light. UVR3 and R4 are parabolic mirrors.
Mirrors R4-R8 optically image light scattered by nanoparticles onto the CMOS detector
chip, and mirror R3 is used to fold the light coupled from and to IRC2. The light is fo-
cused on the detector by the concave mirror R6. Using reflective optics is preferred over
refractive optics for thermal considerations (see Section 7.1.1).

IR and UV light are combined using the dichroic mirror DR1. DWRI is highly trans-
parent and DWR2 is highly reflective for 200 nm light. At the same time, both DWR1 and
DWR2 should be reflective enough to form a low-finesse IR cavity. At the exit of the cavity,
the IR light is coupled back into IRC4. The UV light expands freely from the UV coupler
ultra-violet fiber coupler (UVC)1 and is collimated by UVR3 to a beam with 1 mm waist.
UV light reflected at DWR?2 is coupled back into UVC1 again.
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The region denoted as FT (feed-through) is a hole through the optical-bench base plate.
It allows test particles to be passed from the loading mechanism below the optical bench
(see Section 7.1.6) to the trapping region within the IR cavity.

There exists direct technological heritage for all parts of the optical-bench assembly ex-
cept for the high-finesse IR cavity and for the IR + UV cavity. For this reason, we assess the
TRL of the optical-bench assembly (without the cavities) to be TRL 6 or higher. However,
since the optical bench will be operated at cryogenic temperatures instead of room tem-
perature as in LPF, this will need to be carefully considered and tested. Our assessment
of the technological readiness of the cavity assemblies is described in Sections 7.1.4 and
7.1.5.

7.1.4 High-finesse IR cavity assembly

As described in Section 6.4, the preparation of quantum states in MAQRO requires cool-
ing the center-of-mass motion of optically trapped test particles close to the quantum
ground state. To this end, MAQRO will apply a combination of intra-cavity side-band
cooling and feed-back cooling [6, 7, 77, 78]. This requires good optomechanical coupling
as well as a high-finesse cavity. The cavity of MAQRO has a cavity length of 97 mm. We
chose this value for the cavity to be as long as possible given the size of the optical bench.
This way, we minimize the solid angle covered by the ‘hot’ cavity mirrors from the point of
view of the test particle. The reasoning behind this is to optimize the thermal environment
for passive cooling. Because of the large length of the cavity, it has to be asymmetric in or-
der to achieve high enough optomechanical coupling. The precise value of 97 mm results
from choosing standard radii of curvature of 30 mm and 75 mm for the cavity mirrors.
Given this cavity geometry, we require a minimum finesse of 3 x 10* to achieve cooling
close to the quantum ground state and to achieve high enough intra-cavity power and a
longitudinal mechanical frequency on the order of w,,; = 10° rad/s.

In arecent project (MAQROsteps, Project Nr. 840089) funded by the Austrian Research
Promotion Agency (FFG), R. Kaltenbaek and his team implemented an adhesively bonded
high-finesse IR cavity for optomechanical experiments in ultra-high vacuum. They used
space-proof gluing technology and ULE material to implement a stably bonded cavity with
a finesse of F = 10°. Their efforts effectively increased the technological readiness level of
this technology to somewhere between ‘technology validated in lab (TRL 4)’ and TRL 5
(relevant environment with respect to vacuum level but not with respect to environment
temperature, no radiation and vibration tests). The cavity implemented only had a cav-
ity length of 13 mm. Until mid-2015, they will use a similar approach to demonstrate an
adhesively bonded cavity with the same geometry as needed for MAQRO.

7.1.5 Low-finesse IR + UV cavity

Originally, we intended using a dual-wavelength cavity for 1,064 nm and ~200 nm to ben-
efit from intra-cavity power enhancement for the 200 nm light and to achieve good posi-
tion read out using IR light. However, practical limitations prevent the use of a UV cavity,
and the finesse of the cavity for the IR wavelength has an upper limit.

The reason is that the phase grating has to be applied during a very short time (~1 us)
after a long time of free expansion #;. During this time of free expansion, the IR and UV
lasers cannot be locked to the cavity. Therefore, the IR and UV beams could not be turned
on again for a short time without first locking the laser to the cavity again.
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If we assume that the cavity length L changes by 8L, and if we assume that we were on
resonance before that change and are still on resonance afterwards, then we get a lower
limit on the cavity linewidth «:
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Since the optical bench will consist of ULE material (SiC or Zerodur), the relative length
change can be assumed to be about §L/L ~ 107° if the temperature is kept stable to 1 K. In
that case, we get an upper limit of ~30 for the finesse of the IR + UV cavity for 1,064 nm
and ~6 for ~200 nm light. For this reason, we assume that we will not use a cavity
for the ~200 nm light and a low-finesse cavity for 1,064 nm light. The current TRL is:
experimental proof of concept (TRL 3).

7.1.6 Loading mechanism

The main part of the loading mechanism is located in the inner subsystem (see Sec-
tion 7.2.6). While that inner part is responsible for dispensing particles from a particle
source, and characterizing them, the central tasks of the outer part of the loading mech-
anism are to guide the particles from the inside of the spacecraft to the optical bench, to
discharge the particles and to propel them into the optical trap.

In order to transport the test particles from the spacecraft to the optical bench, we will
use a hybrid combination of optical trapping and guiding as well as linear Paul trapping.
To this end, we use several hollow-core photonic-crystal fibers (HCPCFs) with a core di-
ameter of ~10 um. As far as possible, each of these fibers should run independently along
one of the struts of the thermal-shield structure. This way;, if one fiber were to be damaged
for some reason, the chance would be higher for the other fibers not to be affected.

The HCPCFs guiding the test particles will also contain buffer gas to sympathetically
cool the particles. The external loading mechanism is contained in a closed chamber that
is internally divided into sub chambers (see Figure 15). Each of these sub chambers will
be vented to space in order to prevent buffer gas from reaching the experimental platform
(see Figure 16).

The amount of gas leaking along the HCPCF outside the spacecraft is small: for exam-
ple, the pressure inside a 103 cm® chamber with buffer gas at room pressure and a single
HCPCEF leading from the chamber would only loose a negligible amount of pressure over
the lifetime of the mission. Nevertheless, we have to ensure that the buffer gas does not
contaminate the vacuum in the experimental region.

During the early part of the development phase of MAQRO, we will perform finite-
element simulations of the behavior of the buffer gas inside an HCPCF along the length of
the fiber and as it exits the fiber at the end. Important questions will be (1) whether sym-
pathetic cooling via the buffer gas allows achieving low enough test-particle temperatures,
(2) how much pressure the buffer gas will exhibit on the transported test particles as it exits
the fiber end, (3) how badly the buffer gas will contaminate the ultra-high vacuum (UHV)
environment of the optical bench, and (4) the ideal configuration of venting ducts. During
a later time of the development period, we plan to investigate these questions experimen-
tally in a representative test environment.

Figures 15 and 16 illustrate the general idea of the loading mechanism based on two
candidate technologies to be investigated during the development phase. Moreover, the
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Figure 15 Side view of the loading mechanism.
The image illustrates the three sub-divisions of the
loading-mechanism chamber. The OPTICAL BENCH
hollow-core photonic-crystal fiber (HCPCF) is
mounted on a fiber coupler (HCFC) close to the four
rod-like electrodes of a linear Paul trap. At this
position, the test particles are handed over from the
guiding fiber to the Paul trap. This is also where the
buffer gas will leave the chamber via the HCPCF.
The particles are then guided close to a UV coupler
where UV light is used to discharge them. Finally,
they will enter an IR beam propelling the particles
to the top of the optical bench.
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\
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Figure 16 Bottom view of the optical bench. The venting ducts
image illustrates where venting ducts could be detector
placed to minimize the amount of buffer gas harness
potentially leaking to the experimental region. The =
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figure shows the position of a UV coupler close to the end of the guiding linear Paul trap.
The 200 nm light used for the phase grating will also be used in the loading mechanism
to discharge the test particles. Finally, an important part of the loading mechanism is a
collimated IR beam (1 mm waist) used to propel the particles to the trapping region on
top of the optical bench. The same beam will be used at the end of each measurement to
dispose of the test particle. We estimate the technological readiness to be TRL 3.

7.1.7 Accelerometer
A central prerequisite of MAQRO is to prevent random relative motion between the test
particle and the spacecraft (see Section 6.6). This results in stringent requirements on the
accuracy for measuring accelerations of the spacecraft. While there will be an accelerom-
eter at the center-of-mass of the spacecraft (Section 7.2.7), this will not provide direct
information about the relative local acceleration between test particle and optical bench.
Using a model of the spacecraft to infer that information inevitably reduces the accuracy of
the information gained. To achieve the required accuracy of <1 (pm/sz)/ VHz, MAQRO
features a second acceleration sensor close to the test particle (see Figure 17 as well as
Figures 15 and 16).

The ONERA sensor to be used will harness a cubic test mass. Based on past experience
of ONERA, in the cryogenic environment close to the optical bench, the sensor sensitivity
should fulfill the requirements of MAQRO. The control unit and a power-conversion unit
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Figure 17 Sensor core of the external
accelerometer. The figure shows test mass and
electrode housing. Size of sensor core:

<10 x 10 x 10 cm?3, mass; <2 kg. Image credit: "
ONERA. »°
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Table 4 Overview of the assemblies comprising the inner subsystem

Assembly name Link to description Current TRL Heritage

IR laser system 721 6 LPF

UV source 722 3

IR-mode generation 723 3 LPF

IR-mode locking 724 3 LPF

Data-acquisition subsystem 725 6 JWST, LPF

Loading mechanism 726 3

Accelerometer 727 5 GOCE, Microscope, ...

will be placed inside the spacecraft with a distance <2 m from the sensor core. Tests on
separating the core from the control unit and placing the core in a cryogenic environment
were already performed [79]. We estimate TRL 5.

7.2 Inner subsystem
The inner subsystem can be divided into several assemblies - they are listed in Table 4,
along with links to detailed descriptions and an assessment of the TRL at the time of the

M4 mission proposal.

7.2.1 IR laser system

For the IR laser system, MAQRO relies on technological heritage from LPF and LISA [80].
We should essentially be able to use the very same laser technology. In particular, this is
a highly stable continuous wave (CW) 1,064 nm non-planar ring oscillator (NPRO) laser.
For MAQRO, we will also need such a laser and keep it locked to the high-finesse cavity
on the optical bench. Using an electro-optic modulator (EOM), we will lock a side-band
of this laser to the IR + UV cavity. The laser needs to be tunable over at least one full
free spectral range (FSR) of the high-finesse IR cavity (1.5 GHz). Due to the LPF heritage,
we estimate at least TRL 6.

7.2.2 UV source
For the phase grating, we need a CW source of ~200 nm light with a pulse duration <1 ps
and a peak power <0.5 mW. While this is not available off the shelf, the necessary amount
of delta-development to adapt existing technology for that purpose should be feasible
within the development phase of MAQRO.

In particular, there are two possible approaches: (1) frequency double a ~400 nm fun-
damental beam, e.g., using novel developments in cavity-assisted second-harmonic gen-
eration using whispering-gallery-mode f-Barium-Borate resonators [19]. Over the last
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years, single-frequency ~400 nm laser diodes in Littrow configuration [81] have become
readily available commercially. A fall-back option for space applications to produce the
~400 nm pump light is sum-frequency generation using 1,064 nm light in combination
with a 670 nm InGaAsP laser diode. Another option (2) to generate the 200 nm light is to
frequency quintuple 1,064 nm light adapting the scheme presented in Ref. [82].

All elements of this have been demonstrated in the lab. We estimate the current readi-
ness to be TRL 3.

7.2.3 IR-mode generation

In order to optically trap our test particle in the high-finesse IR cavity and to cool its center-
of-mass motion in all spatial directions, we intend to use several IR modes. In particular,
we use two fundamental and two higher-order transverse electromagnetic modes (TEMs):
two TEMO0O modes will be used to trap the particle and to cool its motion along the di-
rection of the high-finesse IR cavity [7]. To also cool the motion of the particle along the
two dimensions perpendicular to the cavity mode, we will use higher-order TEMO01 and
TEMI10 modes [78].

The two TEMOO modes are separated in frequency by one FSR of the high finesse cavity
(FSR = ¢/(2L) ~ 1.5 GHz), where L = 97 mm is the cavity length. The TEMO01 and TEM10
modes are close to each other in frequency and about 1.2 GHz from the fundamental
TEMOO mode. One can generate the required optical frequency shift of ~1.2 GHz from
the fundamental modes by using GHz EOMs for the GHz phase modulation. The mod-
ulation frequencies can be separated from the fundamental mode by using a tempera-
ture stabilized Fiber-Bragg grating. To generate the required resonance frequencies for
the TEM10 and TEMO1 modes, one can then use an acousto-optic modulator (AOM) for
a frequency shift in the MHz range. AOM and EOM technology is readily available in
space as technological heritage from LPF. Spatially, the TEMO01 and TEM10 modes can be
filtered from the generated light fields by the optical cavity directly. We will also investigate
the more efficient conversion of the light fields to these mode shapes by holograms.

In order to combine and later separate again the various laser modes, the two TEM00O
modes will be prepared in orthogonal polarization. The higher-order spatial modes will
be combined (and separated) based on spatial-mode filtering techniques.

All these techniques are currently being used in the lab. We estimate the current readi-
ness to be TRL 3.

7.2.4 IR-mode locking

The IR laser can be locked to the high-finesse IR cavity by using standard Pound-Drever-
Hall (PDH) locking techniques [83, 84]. Since the other optical modes for intra-cavity
cooling in the high-finesse IR cavity are derived via EOMs and AOMs from the funda-
mental laser mode (see Section 7.2.3), they also follow any changes of the cavity resonance
frequency. In addition, these higher-order modes can in turn be locked to the cavity via
PDH locking. We will also use an EOM to generate a mode to be locked to the IR + UV
cavity. To this end, each of the modes to be locked to the cavities will separately be fre-
quency modulated in the MHz range to allow for the generation of distinct PDH error
signals from the light reflected from the cavity.

PDH locking is a standard technique. Its technological readiness is at least TRL 3.
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7.2.5 Data-acquisition subsystem

With this general term we encompass a host of sensors and devices providing information
about the performance of the instrument and delivering the measurements results. All
these devices are readily available in a laboratory environment and, in particular, given the
technological heritage from LTP, we estimate the technological readiness to be TRL 6.

7.2.6 Loading mechanism

Significant progress has been achieved over the last years towards loading nanoparticles
into optical traps at UHV. Common methods include sprays creating microdroplets of liq-
uid solution containing particles (e.g., Refs. [6, 7]) at comparatively high ambient pressure
and then using vacuum pumps to reduce the ambient pressure once particles are opti-
cally trapped. In this approach, it is paramount to actively cool the motion of the trapped
particles in order to achieve low ambient pressure [6, 11]. Other possible approaches in-
clude using hybrid optical and Paul traps in combination with particles launched from a
ceramic piezoelectric speaker [8], or the transfer of trapped particles at high pressure (as
discussed above) to HCPCFs. The idea is that it may be possible to guide the particles
inside an HCPCF from a high to a low pressure environment [85-87].

In the initial phase of payload development, we will investigate those methods and alter-
native methods for directly loading optical traps in UHV. The latter methods rely on using
ultra-sonic vibrations of a carrier substrate to desorb nanoparticles from the surface. In
particular, we will investigate the use of GHz surface-acoustic waves on piezoelectric ma-
terials and the use of MHz bulk vibrations in thin-rod piezoelectric materials. After these
initial studies, the most promising of the technologies or a combination thereof will be
chosen and adapted for use in MAQRO.

Common to most approaches will be the initial optical trapping of particles inside the
spacecraft in a buffer-gas environment (see Figure 18). While the most natural choice for
the buffer gas is Helium because it remains in gas phase even at the low temperatures
at the optical bench, this choice will need to be investigated more closely in the initial
development phase of the loading mechanism. Gas will only be supplied to the chambers
after commissioning.

The initial optical trap will be used to characterize the particles trapped in order to quan-
tify the size and mass of the particle as well as the charge it carries. Then the particle will
be guided outside the spacecraft via a combination of hollow-core fibers and linear Paul
trapping. The Paul trapping is necessary to guide and additionally constrain the particle
trajectories without having to use too high optical powers. Strong beam intensities would
prevent the particles from sympathetic cooling in the presence of the buffer gas. Using am-
plitude and frequency modulation of the guiding beam, we can shuttle and radially cool
the particle (paper in preparation). The linear Paul trap can be realized via four rod-like
electrodes encompassing the HCPCF.

As we described in Section 6.5, the test particles are required to have a low internal
temperature. Inside the MAQRO spacecraft, we do not have the means to cool the particle

Figure 18 Transfer of particles through a buffer-gas chamber

hollow-core photonic-crystal fiber (HCPCF). After loading and

characterization of a nanoparticle (indicated by a green dot) inside a o= ——
buffer-gas chamber, the particle is optically guided into and along an \Hcpu

HCPCF outside the spacecraft.
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Figure 19 Internal accelerometer sensor unit. _ SENSOR UNIT
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temperature to that degree. Instead, our approach is to sympathetically cool the particles
using the buffer gas. While the buffer gas itself will be approximately at room temperature
inside the spacecraft, the gas will quickly cool as it passes along the HCPCF outside the
spacecraft. As the HCPCF approaches the optical bench, we expect the temperature of
the buffer gas to eventually assume the environment temperature in that region (<25 K).
In order to avoid confusing different particle materials, there should be at least one
buffer-gas loading chamber per particle material to be used. In a given chamber, there may;,
however, be various sizes of nanoparticles. Before the particles are guided to the experi-
ment, their size will be determined by observing the light scattered from the particles & by
measuring the mechanical frequency of the trapped particles in the hybrid optical + Paul
trap. We estimate the technological readiness of the loading mechanism to be TRL 3.

7.2.7 Accelerometer

The payload of MAQRO contains a highly sensitive accelerometer positioned at the cen-
ter of mass of the spacecraft. While the main task of the outer accelerometer (see Sec-
tion 7.1.7) is to monitor accelerations of the optical bench, the task of the inner accelerom-
eter is to provide the necessary data to precisely control the micro-propulsion system of
MAQRO for the drag-free and attitude control system (DFACS).

Figure 19 shows the accelerometer inside the MAQRO spacecraft, based on Ref. [88].
The sensitivity of this sensor is 2 (pm/s®)/+/Hz at 0.01 Hz on a 4 x 10-°m/s> range. Both
accelerometers have an acquisition and a science mode. During the acquisition mode,
higher accelerations are allowed during the time before the spacecraft enters science oper-
ation. Given the rich heritage of ONERA accelerometers [46], we estimate at least TRL 5.

7.3 Critical issues

Since the original proposal for the M3 opportunity [1], MAQRO has made significant
progress towards maturing the payload technologies and concepts as well as to address
critical issues. In the following, we will provide a list of critical issues, and how they will
be addressed in MAQRO.

Page 29 of 47
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7.3.1 Nanoparticle temperature

As we described in Section 6.5, the internal temperature of the test particle must not be
much higher than the environment temperature. Since the test particles in MAQRO are
optically trapped for state preparation and on other occasions, any realistic particle with
non-zero absorption will heat. In the original proposal of MAQRO, we suggested to solve
this issue by finding better materials. While this can definitely help reducing this problem,
it is unlikely to fully solve this issue any time soon, and any solution would be very material
specific while MAQRO should perform tests with a variety of nanosphere materials. For
this reason, we chose a different approach for M4.

While we still propose using low-absorption materials, we plan to overcome this critical
issue by a combination of several techniques: (1) using each particle only once and keep
it optically trapped only for a short time, (2) use charged particles and a combination of
optical trapping and Paul trapping or only Paul trapping whenever possible, and (3) use
buffer gas in HCPCFs to sympathetically cool the test particles during transport.

Using this combination, we are confident that it will be possible to address and solve this

issue.

7.3.2 Preparation of macroscopic superpositions
In the original proposal, we suggested using extreme UV with very low power but with
a wavelength of only 30 nm to prepare the macroscopic superpositions needed to ob-
serve double-slit-type interference [1, 2]. Even for the low powers needed, this technology
will not exist within a foreseeable time in space. In addition, this approach led to free-fall
times well beyond 100 s, which poses another host of problems - e.g., requirements on the
thrusters & limitations on the particle statistics achievable during the mission life time.
For M4, we fully revised this approach to use well established technology for observ-
ing matter-wave interference with massive particles. This approach does not only NOT
require extreme UV light, it also brings the benefit of much shorter free-fall times and

higher interference visibilities. See Section 5.3.

7.3.3 Loading mechanism

MAQRO puts exceedingly strict requirements on the mechanism for loading nanopar-
ticles into the optical trap. While there are several candidate technologies in existence,
none of them is directly adaptable to MAQRO. For this reason, the costs for payload de-
velopment include the costs for an intense development phase. During that phase, four
candidate technologies will be closely investigated and experimentally tested. At the end,
the best combination of these technologies will be implemented for MAQRO. Given re-
cent developments related to the candidate technologies, we are confident that a solution

similar to the one described in this proposal can be implemented within time for MAQRO.

7.4 Operations and measurement technique

Here, we will provide an overview of the science operations of MAQRO. The measurement
sequence can roughly be divided in three distinct sequences: (1) the loading sequence,
(2) a moving sequence for transporting a particle to the target region (the crossing point
of the high-finesse IR cavity and the low-finesse IR + UV cavity, and (3) the actual measure-

ment sequence. Figure 20 provides a flow chart of the overall measurement procedure.
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Figure 20 Flow chart of the measurement procedure of MAQRO. Details are described in the main text.

7.4.1 Loading sequence

As described in Section 7.2.6, particles will initially be prepared in chambers flooded with
buffer gas. In those buffer-gas chambers, a particle will be trapped and characterized. This
can already be performed up front before a particle is needed for the experiment. Once
this is accomplished, the particle is transferred to a loading region below the optical bench
outside the spacecraft using optical transport in an HCPCF assisted by linear Paul trap-
ping. This is described in Section 7.1.6. Before the particle is loaded into the intra-cavity
optical trap, it needs to be discharged. The transport to the optical trap operates in free
space via radiation pressure. Monitoring via the CMOS camera on the optical bench al-
lows verifying the successful completion of the loading sequence. If it was not successful,
the whole procedure has to be repeated until successful. If it was successful, we turn on the
side-band cooling along the cavity axis as well as the feed-back cooling for the transverse

directions.

7.4.2 Moving sequence

Loading the particle into the optical trap this way does not guarantee that the particle
will be at the correct position along the cavity mode of the high-finesse IR cavity. The
correct position is defined via the crossing point of that cavity with the IR + UV cavity.
The necessary accuracy of the positioning is determined by the requirement that it should
be much better than the mode waist of the IR + UV cavity, that means, <1 mm.

By monitoring the scattered light with the CMOS imaging system, we can keep track
of the particle position with pm resolution. To move the particle along the cavity axis, we
simply turn off the cooling in this direction. The particle motion will heat due to laser noise
and light scattering and, if needed, due to purposeful heating by frequency modulation at
twice the longitudinal trap frequency. This heating will lead to the particle moving out of
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the trap along the cavity axis. By observing the CMOS signal, we can determine whether
the particle moves in the correct direction. If not, we turn on longitudinal cooling again
and restart the moving sequence. If the particle is moving in the correct direction, we only
have to wait until it is at the correct position, and then switch on the longitudinal cooling

once more.

7.4.3 Measurement sequence
As soon as the particle is at the correct position, we can use three-dimensional intra-cavity
cooling to cool the center-of-mass motion of the particle close to the quantum ground
state along the cavity axis and to low occupation numbers in the transverse directions [78].
Also see the scientific requirements in Table 1. When the cooling sequence is completed,
all optical fields are switched off, and the wave packet will expand for a time ;, which is
chosen depending on the nanoparticle and the phase ¢, that will be applied. The next step
is to turn on the UV beam for a time ~1 ps to apply the pure phase grating. After applying
the phase grating, the particle will again propagate freely for a time £, = T — t;. Finally, the
IR field in the IR + UV cavity is switched on in order to measure the position of the test
particle via cavity readout.

After completing the measurement, the particle is no longer needed, and an IR beam or-
thogonal to the optical bench is applied to propel the particle away from the spacecraft and
into space to prevent contamination of the scientific instrument with stray nanoparticles.

8 Proposed mission configuration and profile

From the scientific requirements (Section 6, Table 1) it is apparent that MAQRO requires
extremely high vacuum conditions, cryogenic temperatures (realized via passive cooling)
and very stringent microgravity requirements. A mission to L1/L2 allows fulfilling these

requirements.

8.1 Orbit requirements

Following LPF’s example, the MAQRO space-craft is injected into a halo orbit around the
sun/earth Lagrange point L1 (L2 would be a feasible alternative), following the initial in-
jection into elliptical earth orbit and 8 apogee raising orbits (see Figure 21). For an orbit
around L2, similar considerations are applicable. This configuration corresponds to the
Vega mission scenario for an L1/L2 orbit as it was realized in LPF. In particular, this means
that a Vega rocket is used for launching the spacecraft plus a propulsion module. The Vega
launches the spacecraft attached to the propulsion module to a low Earth orbit (LEO). In
the LEO, the spacecraft will orbit Earth for some time for initial system checks and for
preparing the transfer to an L1/L2 orbit. This transfer is performed using the propulsion
module dedicated to this purpose. Upon reaching L1/L2, the propulsion module is sepa-
rated from the science spacecraft. The latter then is injected into a Lissajous orbit around

the L1/L2 Lagrangian point of the Sun-Earth system.

8.2 Alternative orbits
For the original M3 proposal of MAQRO [1], we investigated the possibility of using a
highly elliptic orbit (HEO). More recent investigations showed [4] that a HEO is no fea-

sible alternative. Apart from possible issues with repeatedly crossing the van-Allen belt,
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Figure 21 Sketch of the transfer to a halo orbit around L1.
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Figure 22 Temperature of the heat-shield structure in HEO configuration. Close to perigee, the
thermal-shield structure heats up and then needs more than two weeks to cool down again to fulfil the
requirements of MAQRO. Figure from Ref. [4].

a main issue for MAQRO would be thermal considerations. Figure 22 shows results re-
ported in Ref. [4] for the heat-shield temperature over time in the course of orbital evolu-
tion. These results show that there would only be a short time window during which the
optical bench reaches a temperature compatible with the requirements of MAQRO. The
acquisition of a full interferogram would therefore take about 10 to 30 orbits increasing
the necessary mission life time to more than 10 years.

A feasible alternative to an L1/L2 orbit would be the orbit suggested for the ASTROD I
mission proposal although it would have to be investigated in more detail how the neces-
sary pointing of the optical telescope of ASTROD I would influence the performance of
MAQRO.
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Figure 23 Cool-down of parts of the thermal-shield structure over time. Starting from room
temperature, the optical bench reaches steady state after about 25 days. Due to its small volume and low heat
capacity, the test volume temperature drops more rapidly. Figure from Ref. [4].

8.3 Mission lifetime
The total mission time will be 24 months. In the original MAQRO proposal [1], we stated
a lifetime of 6 months based on the heritage from LPF. Upon considering the scientific re-
quirements in more detail, however, we found that 6 months would restrict the amount of
data to be taken too much to achieve the scientific goals. This limitation can be overcome
by extending the mission lifetime to 24 months. This duration would allow achieving the
scientific goals by observing interferograms for several test-particle radii and materials.
For example, in two years, we could collect several 10* data points per interferogram for
representative sets of five particle radii and three different materials. A possible extension
of the mission lifetime would allow for a higher number of tests to be performed.
Multiple burns (9 for Vega and 15 for Rockot) raise the apogee to 1.3 x 10° km during 15
days. The following transfer to L1 (1.5 x 10° km from earth) takes 30 days. After science
payload commissioning (including an optional bake-out), the heat-shield structure and
the optical bench will need to passively cool for about 25 days to reach operating temper-
ature (see Figure 23). After that, the science operation is scheduled to last for ~21 months
yielding an overall lifetime of 24 months. The ultimate upper limit on the mission life time
will be determined by the amount of fuel available for the cold-gas micro-thrusters as well
as by the amount of buffer gas and test particles available for performing experiments.

8.4 System requirements and spacecraft key issues

8.4.1 Payload mass budget

The MAQRO mass budget is closely based on LPF. As the space-craft platform of
MAQRO is identical to the one of LPF, we shall focus on the MAQRO payload and com-
pare it to LTP, the LPF payload. It is apparent that by omitting the heavy inertial sensor
from LPF, the payload mass of MAQRO is dramatically reduced, however, several mod-
ification have to be taken into account. Table 5 compares the total mass of the MAQRO
spacecraft to LPF, and Table 6 shows a detailed list of the mass budgets for the MAQRO
payload.
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Table 5 Total mass budget of MAQRO compared to LPF

Launch composite LPF mass Current best estimate Maturity CBE +
(kg) (CBE) MAQRO mass (kg) margin margin

Payload 178 100 (+5) 30% 131 (+8)
Science S/C (wet, w.o payload) 257 278 5% 292
Propulsion module (dry) 214 214 5% 225
Launch composite dry total 649 592 648 (+8)
Consumables 1250 1250 1250
Launch composite wet total 1899 1842 (+5) 1898 (+8)

Table 6 Detailed mass budget of the MAQRO payload

Items & units CBE mass (kg) Maturity margin CBE + margin
Accelerometer sensor units 4 5% 4.20
Accelerometer control units 12 5% 12.60
Power control unit 3 5% 3.15
Heat shield (incl. struts, inserts and launch locks, 10 50% 15.00
protective cover and margin)

Shield baking: heater + power unit (optional) (+5) 50% (+7.50)
Optical bench 6 30% 7.80
CMOS readout electronics 2 100% 6.00
IR spatial mode generation and filtering 3 100% 6.00
Buffer-gas chambers + gas + loading 20 100% 40.00
Laser assembly (IR) 12 10% 13.20
Laser assembly (UV) 6 100% 12.00
Phase-meter 4 25% 5.00
Payload processor 8 10% 8.80
(data-management unit (DMU))

Diagnostic elements (sensors, ...) 10 50% 15.00
Assembly & interface equipment 7 20% 840
Harness 13 20% 15.60
Total: 100 (+5) 30% avg. 131 (+8)

For the spacecraft, we will assume the same mass as for LPF, including 51 kg for the
cold-gas micro-propulsion system. We add an additional 21 kg of additional fuel to the
spacecraft mass budget to account for the longer life time of MAQRO compared to LPF.
Given these estimates the overall mass of MAQRO including generous margins is nearly
identical to the mass of LPF. However, it may be possible to reduce the mass budget of
MAQRO by removing or simplifying the disturbance-reduction system (DRS) of LPF in
the case of MAQRO.

8.4.2 Power budget

In Table 7, the power budget of the MAQRO payload is compared to LTP to demonstrate
that the power requirements are essentially the same. The power requirements for other
parts of the science space-craft are not listed as they are assumed to be identical. It is
therefore possible to conclude that the Pathfinder solar array of ~680 W of Pathfinder is
sufficient for the needs of MAQRO.

Note that a bake-out mechanism for the outermost heat shield (+optical bench) can op-
tionally be included for MAQRO. The heater requires ~242 W for bake-out at 300 K. Be-
fore commissioning, LTP and MAQRO only require 30 W. Nevertheless, this high power
may render it unfeasible to perform a bake out unless the necessary power can temporar-
ily be allocated from the science spacecraft. This option will be investigated more closely

in the future.



Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 36 of 47

Table 7 Power budget for MAQRO

Items & units LTP Power Items & units LTP Power Maturity CBE +
(W) CBE (W) margin margin

Inertial sensor 40 ONERA accel. (total) 20 5% 21.00
front-end electronics Data & diagn. 30 10% 33.00
(FEE) Phase-meter + CMOS 18 25% 22.50
UV discharging 8 Laser ass. IR 45 10% 49.50
Data & diagn. 30 Laser ass. UV 20 25% 25.00
Phase-meter 18 Volt. supply, Paul traps 10 25% 12.50
Laserass. IR 45 Total (science mode) 143 avg. 15% 166.00
Total (science mode) M1 Total (max) 143 15% 166.00
Total (max.) 163 Total (min., only DMU) 30 10% 33.00
Total (min., only DMU) 30 Opt. heater for shield 242 20% 29040

Total (DMU + heater) 272 avg. 15% 32340

We distinguish between two operation modes: normal operation (science mode) and operation during the optional
baking-out of the heat-shield structure.

Table 8 Overview of the total power budget for LTP and MAQRO

Payload power required LTP MAQRO
Payload, maximal 163 166
Total power required LPF MAQRO
Spacecraft in transfer orbit 638 638
Spacecraft in science mode 613 638

Table 9 Overview of the communication link budget for LTP and MAQRO for telemetry (TM)
and telecommand (TC)

Operation mode Antenna Down-link Nominal TM Up-link Nominal TC
rate (ks/s) margin (dB) rate (ks/s) margin (dB)

On station nominal Medium gain 120 10 2 38

On station emergency Low gain 1 10 2 20

LEO phase nominal Low gain 120 36 2 71

LEO phase w/c range Low gain 120 16 2 44

The comparison of the total power budget in Table 8 shows that the maximum power
consumption of MAQRO in science mode is identical to the power consumption of the
spacecraft in transfer orbit. The slight increase in power consumption of MAQRO in sci-
ence mode with respect to LPF in science mode should be possible using the 680 W power
supplied by the solar array. If necessary, some of the equipment can be turned off during

the long free-fall times.

8.4.3 Link budget

Communication for MAQRO will be on X-band using low gain hemispherical and
medium gain horn antennas, just as in Pathfinder. A communication bandwidth of 60 kbps
fulfills the down-link bandwidth requirements for MAQRO. Therefore ~6 W of transmit-
ted radio frequency (RF)-power are sufficient to establish the required down-link rate for
on-station nominal operation. As in Pathfinder, it is suggested to use the 35 m antenna of

the ground station Cebreros in Spain. Table 9 provides an overview of the link budget.
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8.4.4 Spacecraft thermal design

Part of this will be standard thermal-control tasks, to keep the overall spacecraft (S/C) and
its external and internal units & equipment within the allowable temperature ranges by a
proper thermal balance between isolating and radiating outer surfaces, supported by ac-
tive control elements such as heaters. This will be based on LPF heritage. In addition, for
the MAQRO mission, the thermal design has to focus on a proper thermal interface (I/F)
design from the warm S/C to the extremely cold external subsystem, the heat-shield struc-
ture. Because the heat-shield structure is supported by an already very stable S/C and
because it is coupled well to the extremely stable 3 K environment of deep space, the heat-
shield structure can be kept at an extremely stable temperature. To achieve a good thermal
stability for the equipment inside the S/C, similarly to the LPFS/C, the MAQROS/C inter-
nal dissipation fluctuations have to be minimized and the S/C interior has to be isolated
from the solar array because it inherently introduces solar fluctuations into the S/C. In or-
der to achieve the required <25 K for the optical bench, the (warm) mechanical I/F should
be designed as cold as possible, e.g., 270 K, and the S/C surfaces facing towards the exter-
nal payload should be covered by a high-efficient multi-layer insulation (20 layers) and the
outermost layer should have a high emissivity >0.8. This measure will serve for radiative
pre-cooling of the outer thermal shield of the payload.

8.4.5 Attitude and orbit control

Star trackers and Solar sensor are used to determine the attitude. The cold-gas thrusters
are exclusively used for attitude control after the propulsion module has been ejected,
i.e., there are no reaction wheels. The attitude and control system (AOCS) for the sci-
ence module is used whenever no science activity is carried out. It is referred to as
micropropulsion attitude control system (MPACS) on LPF, and can be used in a similar
way for MAQRO. Likewise, a similar (or possibly even simplified) version of the DFACS
can be adapted from the LPF concept.

8.4.6 Redundancy considerations

Because the spacecraft is identical to LPF, we profit from the redundancy scheme of LPF.
For example, the thrusters are operated in hot redundancy, and also the IR laser diodes
feature redundancy. For MAQRO, we will include multiple buffer-gas tanks, each with at
least one HCPCF leading to the outer loading mechanism (see Sections 7.1.6 and 7.2.6),
and we will use redundant UV diodes based on the idea of redundant pump diodes in LTP.
For the two cavities on the optical bench, the role of input and output can be exchanged
as a form of cold redundancy. In addition, we will always guide two UV hollow-core fibers
in parallel to the optical bench. For the purpose of the UV grating and for the discharging
mechanism, the small displacement between the two fibers is negligible.

8.4.7 Vacuum requirements

These have been discussed in detail in the M3 mission proposal of MAQRO and in the
corresponding published version [1]. There, we showed that the vacuum requirements on
the optical bench can be fulfilled on the external platform. The conclusion was that the
low temperature of the optical bench will essentially lead to freezing out of outgassing
processes. Given the optimized design of the thermal shield and optical bench [3, 4], the
temperature is even a bit lower than assumed in Ref. [1].
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Outgassing from other, hotter parts of the spacecraft will not affect the experimental
region because no part of the spacecraft is in the direct field of view from the optical
bench. Particles outgassing from hotter regions of the spacecraft will have high enough
velocities to overcome the gravitational attraction of the spacecraft.

This leaves us with three effects that may affect the collision rate of the test particle with
residual gas or other particles:

« Interplanetary particle density. Around L1/L2, this should readily be compatible with

the requirements of MAQRO, i.e., the particle density should be <500 cm™3 [89].

o Solar wind. At 1 astronomical unit (distance Earth-Sun) (AU), we expect a particle
density of ~10 cm™ with velocities <500 km/s. Because the spacecraft will partially
shield the solar wind, the particle density will be even less. If we assume ~1 cm™, the
conservative limit given in Figure 12 shows that this is within the MAQRO
requirements.

+ Leakage of buffer gas to the experimental region. Using venting ducts as shown in
Figure 16, it should be possible to keep the amount of buffer gas reaching the
experimental region within requirements. This will have to be investigated in more
detail in the future.

8.4.8 Heat-shield structure

A detailed discussion of the thermal considerations for the thermal-shield structure is
given in Section 7.1.1 and in Refs. [3, 4]. Here, we will focus on estimating the mass of the
structure.

In order to conservatively estimate the mass of the shield structure, we will assume that
the shields extend even a bit further than detailed in Section 7.1.1. In particular, we assume
that they extend far enough to cover the shield even from radiation from the sun at an angle
of 45 degrees. The shields’ diameters will still be smaller than the spacecraft diameter. In
Ref. [4], we even investigated the case where the shields extend beyond the spacecraft and
are exposed to direct radiation from the sun. Given appropriate coating, even this extreme
case should be possible.

Under this assumption, and assuming that the points of the conical shields are 10 cm,
15 cm and 20 cm distant from the spacecraft and have opening angles of 7.5°, 15° and
22.5°, the areas of the three shields are 0.9 m2, 0.6 m2 and 0.4 m2. For an estimate of
the mass, let us assume the specific density of Aluminum and a thickness of 1 mm for
the shields. Then the sum mass of the three shields is #21ayers ~ 5 kg. The hollow struts
are made from carbon-fiber reinforced plastic (CFRP) of very low thermal conductivity
and expansion, as well as good mechanical stability. They are 40 cm long, 2 cm in diam-
eter and have a wall thickness of 1.6 mm, giving a combined weight of less than one 1 kg:
Mgeruts = 0.6 kg. The struts are fitted to the bushings inserted into the base-plate of the op-
tical bench. Each of the three inserts has approximately 0.2 kg of weight giving a total of
Minserts ~ 0.6 kg. Assuming a slightly higher weight #mount 2 1 kg for mounting the struts
to the spacecraft, we get an overall mass of mgh;e1lq = 7 kg for the thermal-shield structure
(without the optical bench and harness).

8.4.9 Protective cover & shield bake out
During transfer to L1 and before ejection of the propulsion module the thermal shield is
covered by an additional protective cover. The weight of the cover is estimated to be 5 kg,
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based on an aluminum cylinder with 1 m diameter, 0.16 mm wall thickness and a height
of 0.5 m.

Vacuum quality and outgassing is a key aspect of MAQRO. From our analysis in Ref. [1],
we found that outgassing is practically completely frozen out at temperatures as low as
~30 K. Nevertheless, mainly as a means of risk mitigation for as yet unaccounted effects,
it would be very useful to consider bake-out of the thermal shield and the exterior optical
bench before commissioning. For that purpose, heaters could be attached to the outer-
most shield and the optical bench. Considering that the outer shield area is approximately
~0.43 m? and that the effective area of the optical bench is ~0.1 m2, we obtain a total
radiative surface of ~0.53 m? with an emissivity close to 1. This requires a heating power
of P~ 242 W if we bake-out at 300 K and a heating power of P ~ 759 W if we bake-out
at 400 K. The latter is not possible given the solar array of MAQRO. Even baking out at
300 K takes a vast amount of power. A solution may be to use smaller shields as originally
proposed in the M3 proposal or to temporarily allocate power from the science spacecraft
during the bake-out procedure.

8.5 Communication, mass-data storage & ground segment

A communication window of 8 hours per day, as in the Pathfinder mission, is sufficient
to transfer science data to ground. Data are received by the 35 m Cerebros antenna and
transferred to European space operations center (ESOC) for further processing. Consid-
ering a maximal rate of 20 kbit/s of science and attitude control data during experimental
runs, the data recorded during 24 hours of science runs can be transferred to ground at
60 kbit/s in the 8 hour communication window each day. The on-board computer archi-
tecture should provide the means to continuously store science data for a period of up
to three days in a solid-state mass memory (SSMM), which implies a minimal capacity of
~650 Mbytes, which is easily achieved with any modern mass memory (capacity up to
2 TeraBit). A brief overview over the main requirements for the mission profile is given in
Table 10.

8.6 Science operations & archiving

Data for MAQRO are received by the 35 m Cerebros antenna in Spain and then routed
to the ESOC in Darmstadt. The mission operations center (MOC) there ensures that
the spacecraft meets its mission objectives, and it operates and maintains the necessary
ground segment infrastructure. Because of the L1/L2 orbit, there will only be 8 h of ground
station contact per day at a down-link rate of 60 kbps. The payload is commanded via Pay-
load Operation Requests (POR) stored in the mission time line. Real-time commanding

only occurs during commissioning and contingency events.

Table 10 Main mission requirements

Mission requirement for Suggested solution

Launcher Vega

Spacecraft platform LPF platform with science spacecraft and propulsion module
Mission lifetime 24 months

Communication 60 kbps TM, 2 kbps TC, communication for 8 hrs/day

Mass data storage on-board SSMM of 1 GB

Ground-segment assumptions Cerebros, Spain (35 m)
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The Science & Technology Operations Center (STOC), located in Madrid, is responsible
for the planning of the payload operations, data analysis, and mission archive. Scientific
advisers and investigators will collaborate with the core STOC team.

Volume requirements for data archiving and distribution are rather low for MAQRO.
The total data received over 2 years is estimated to be well below 1 TB, including diagnostic
and house-keeping data.

8.7 Mission phases

8.7.1 Launch

The spacecraft is injected into a low orbit by the Launch Vehicle. Separation from
the upper stage may occur in sunlight or eclipse. Following separation, the Chemi-
cal Propulsion Subsystem initializes, following an initialization sequence controlled by
on-board software (OBSW). During this period, which may partly be in eclipse, there is
no attitude control, and the spacecraft tumbles uncontrolled, with power mainly or solely
from the battery (a 600 Wh battery fulfills the needs of MAQRO). Once sensors and actu-
ators are available, a transition to Sun Acquisition mode is autonomously performed. After
the initial injection into elliptical earth orbit, the propulsion module is used to transfer the
spacecraft to L1 via 8 apogee raising orbits.

8.7.2 Commissioning

Shortly before reaching the final on-station orbit around L1, the propulsion module (PRM)
and the protective cover of the thermal-shield structure are separated from the Science
Module (SCM). After separation, the spacecraft is spin-stabilized sun pointing. The nom-
inal attitude profile is maintained using the micro-propulsion subsystems. Based on tech-
nological heritage from LPF, Microscope and Gaia, MAQRO will use cold-gas thrusters
providing up to 100 pN variable thrust for the full mission life time.

8.7.3 Passive cooling & calibration
Directly after commissioning, when the protective cover over the thermal-shield structure
is removed, the structure will start to passively cool via radiation to deep space. This cool-
ing period takes about 25 days (see Figure 23). This time can, at the same time, be used for
testing and calibration. In particular, we can perform tests of the following components:

« IRand UV laser systems

+ Locking the cavities

+ CMOS system

« Internal and external accelerometers

+ Loading and characterizing nanoparticles in the buffer-gas chambers

+ Use accelerometers to measure possible acceleration due to gas leakage

« Test runs of switching combinations of thrusters on and off, influence on spacecraft

attitude

« Transferring particles to optical bench

« Discharging particles

«+ Loading particles into optical trap

+ Measuring particle position

+ Releasing and recapturing particle

«+ Application of UV phase-grating on particle
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+ Disposing of nanoparticles
« Monitor development of heat-shield temperature over time, determine cooling rates,
compare with simulations
Once enough time has passed to achieve the operating temperature, and after the initial
tests are completed, MAQRO can start science operation.

8.7.4 Science operation

The first experiments to run on MAQRO will be to observe wave-packet expansion to de-
termine the level of decoherence present in our system (see Section 5.2). We will perform
tests for at least 3 different particle materials of different mass density. For each particle
type, we will perform the experiment with at least 5 different radii. All these tests, includ-
ing possible repetitions should be completed within the first 10 months after commission-
ing.

If these first experiments demonstrate that everything works, and that decoherence
present is small enough, we can switch to the second and most important stage of
MAQRO: observing high-mass matter-wave interference (see Section 5.3). If it should be
clear already earlier that the prerequisites for performing these experiments are fulfilled,
this second sequence of tests can already be started earlier on in the mission. The main
goals of the mission should be achieved within the first 20 months after commissioning,
leaving some time to perform additional experiments or to repeat experiments to increase
statistical significance.

If the MAQRO instrument is still operating after the nominal mission life time and an
extension of the life time is granted, additional experiments may be performed to increase
the scientific output of the mission; for example, performing experiments on wave-packet
expansion or high-mass interferometry repeatedly using the same test particle & inferring
the influence of particle heating and thermal radiation on the measurement results. More-
over, parameters can be varied in finer steps, or effects like micro-thruster noise on the
measurement results can be investigated, and it would be possible to precisely determine
the quantum state prepared by performing time-of-flight quantum-state tomography [90].

8.7.5 Spacecraft disposal

In general, the halo orbits around L1/L2 are unstable and there is no direct need for space-
craft disposal. In order to enable a safe disposal of the spacecraft after the end of science
operations and shortening the drift time, we can either use part of the mission lifetime
and the corresponding fuel, or we can add some extra amount of fuel for a disposal af-
ter the nominal lifetime scheduled. This will have to be investigated in more detail in the
definition phase of the mission.

9 Changes compared to the M3 proposal of MAQRO

As we described in the introduction (Section 1), since this original MAQRO proposal [1],
significant progress has been made. The proposal has gained increasing support by the
international scientific community and by industrial partners. Moreover, since the first
proposal, we performed in-depth studies to clearly define the scientific and corresponding
technical requirements [2], and we identified the critical issues as well as possible ways
to address them. This progress helped us to better define the time line for technology
development and the related costs.

The design of the mission itself has been improved continuously:
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+ detailed thermal studies of the thermal-shield concept were performed to assure the
achievement of the strict technical requirements in terms of environment
temperature and vacuum conditions [3, 4].

« in collaboration with ONERA, we devised a concept for integrating high-sensitivity
inertial sensors to gain sufficient control of the spacecraft attitude and to monitor
non-inertial movements of the spacecraft. This is essential for resolving the position
of the test particle with sufficient accuracy.

+ we extended the mission lifetime to allow for a longer science operation and higher
statistical significance of the date gathered, and we adapted the spacecraft to fulfill the
mass-budget requirements of the intended launcher despite the increased amount of
fuel necessary.

Moreover, we improved the scientific instrument:

« we adapted the scientific instrument to harness established techniques from near-field
high-mass matter-wave interferometry.

« in contrast to the earlier proposal, the present one does not rely on using potentially
unfeasible UV wavelengths.

+ we described additional modes of operation for the scientific instrument (see
Section 5). These will allow to significantly extend the parameter range accessible to
the instrument.

« in contrast to the earlier proposal, we suggest a more realistic mechanism for loading
test particles into the optical trap based on novel developments in laboratory
experiments.

+ in contrast to the earlier proposal, we propose a more realistic means for achieving 3D
cooling of the center-of-mass motion of the test particles.

+ we modified the operation of the instrument from continuously using the same
particle to using a different particle for each measurement run. While this increases
the demands on the loading mechanism, it lowers the risk of decoherence due to
heating the test particle.

« we adopted a realistic scenario for the CMOS imaging system based on technological
heritage from the JWST.

In addition to these mission-specific improvements, rapid technological progress over

the last years has helped increase the TRLs of several key technologies for MAQRO:

« optomechanical cooling close to the ground state was demonstrated for various
architectures [14—16].

« optomechanical cooling of optically trapped particles was demonstrated [5-9].

+ many groups investigated different methods for loading test particles into optical traps
and to achieve optical trapping even in UHV [11-13].

+ adhesively bonded optical cavities using space-proof glue and ULE material have been
implemented [17]. Demonstrations of space-proof cavity designs for MAQRO in

relevant environments are planned in the near future.

10 Conclusions & outlook

We have presented an updated version of the proposal for a medium-sized space mission,
MAQRO, originally proposed in 2010. This proposal was submitted in response to the
ESA ‘M4’ call for a mission opportunity for a medium-size space mission. The main sci-
entific objective of the mission is testing quantum theory using high-mass matter-wave
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interferometry in combination with novel techniques from quantum optomechanics. The
update includes several significant changes with respect to the original proposal in order
to address novel developments as well as critical issues in the original mission proposal.
In particular, we presented an update of the thermal shield design allowing to perform
high-mass matter-wave interference on a separate platform outside the spacecraft in or-
der to fulfill the strict temperature and vacuum requirements of MAQRO. We introduced
a novel type of matter-wave interferometer adapted for a microgravity setting as well as
novel schemes for loading test particles into the central optical trap to meet the stringent
requirements of MAQRO.

This novel approach promises to overcome principal limitations of ground-based exper-
iments and to resolve technical limitations of the earlier proposal by harnessing state-of-
the-art space technology, well-established techniques of matter-wave interferometry and
recent developments in quantum optomechanics using optically trapped dielectric parti-
cles. MAQRO will offer the unique opportunity to investigate a yet untested parameter
regime allowing to probe for a quantum-to-classical transition and for possible novel ef-
fects at the interface between quantum and gravitational physics. Moreover, the high sen-
sitivity of the MAQRO instrument might even allow testing a specific type of low-energy
dark-matter models [33, 34].

The present proposal highlights the rapid progress in recent years to achieve quan-
tum control over macroscopic optomechanical systems and to harness space as an in-
triguing new environment for tests on the foundations of physics. MAQRO may prove a
pathfinder for quantum technology in space, opening the door for a range of future appli-
cations in high-sensitivity measurements using techniques from quantum optomechanics

and matter-wave interferometry.

Acronyms & Abbreviations

amu, atomic mass unit; AOCS, attitude and control system; AOM, acousto-optic modulator; AU, astronomical unit
(distance Earth-Sun); CBE, current best estimate; CFRP, carbon-fiber reinforced plastic; CMOS, complementary
metal-oxide semiconductor; CSL, continuous spontaneous localization; CW, continuous wave; DFACS, drag-free and
attitude control system; DLR, German space agency; DMU, data-management unit; DP, Diési-Penrose; DR, dichroic
mirror; DRS, disturbance-reduction system; DWR, dual-wavelength mirror; EOM, electro-optic modulator; ESA,
European Space Agency; ESOC, European space operations center; FEE, front-end electronics; FFG, Austrian Research
Promotion Agency; FSR, free spectral range; GOCE, Gravity field and steady-state Ocean Circulation Explorer; GRACE,
Gravity Recovery and Climate Experiment; HCPCF, hollow-core photonic-crystal fiber; HEO, highly elliptic orbit; I/F,
interface; IR, infra red; JWST, James Webb Space Telescope; K model, Kdrolyhdzy model; L1, Sun-Earth Lagrange Point 1;
L2, Sun-Earth Lagrange Point 2; LEO, low Earth orbit; LISA, Laser Interferometer Space Antenna; LPF, LISA Pathfinder; LTP,
LISA Technology Package; M3, 3rd Cosmic Vision call for a medium-sized mission; M4, 4th Cosmic Vision call for a
medium-sized mission; MAQRO, Macroscopic Quantum Resonators; MOC, mission operations center; MPACS,
micropropulsion attitude control system; NPRO, non-planar ring oscillator; OBSW, on-board software; OTIMA, optical
time-domain ionizing matter-wave interferometer; PDH, Pound-Drever-Hall; PRM, propulsion module; QG, quantum
gravity; RF, radio frequency; S/C, spacecraft; SSMM, solid-state mass memory; TC, telecommand; TEM, transverse
electromagnetic mode; TM, telemetry; TRL, Technological Readiness Level; TRL 1, basic principles observed; TRL 2,
technology concept formulated; TRL 3, experimental proof of concept; TRL 4, technology validated in lab; TRL 5,
technology validated in relevant environment; TRL 6, technology demonstrated in relevant environment; TRL 7, system
prototype demonstration in operational environment; TRL 8, system complete and qualified; TRL 9, actual system
proven in operational environment; UHYV, ultra-high vacuum; ULE, ultra-low-expansion; UV, ultra violet; UVC, ultra-violet
fiber coupler; UVR, ultra-violet mirror.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RK, GH, KCS, MA, NK, and UJ conceived of the original mission proposal. RK, GH, MA, NK, and UJ conceived of the thermal
design of the main scientific instrument. APZ, RK, GH, and UJ improved the thermal design for the M4 mission proposal.
JB, HU, and RK developed the idea of adapting the MAQRO instrument to near-field interferometry. PFB provided critical
input with respect to particle charging. NK and RK conceived of the mechanism for particle cooling, loading, transport
and discharging. CB, NG, RK and TS contributed to the definition of work packages for technology development. NG and



Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 44 of 47

RK defined the system-management work packages. RK, GH, MC, and UJ defined the mission orbital parameters and
estimated the industrial costs. GH, MC, RK, and UJ estimated the vacuum level to be expected. MC, RK, and UJ defined the
launch and separation sequence. AP, JG, KD, LN, LR, MA, and RK organized scientific meetings for discussions on the
mission design and goals. All authors contributed to central discussions resulting in the presented mission layout and
design, and all authors read and approved the final manuscript.

Author details

Vienna Center for Quantum Science and Technology, University of Vienna, Boltzmanngasse 5, Vienna, Austria.
2Department of Physics and Astronomy, University College London, Gower Street, London, UK. *Department of Physics,
University of Trieste, Strada Costiera, 11, Trieste, Italy. “INFN - Trieste Section, Via Valerio, 2, Trieste, Italy. *Department of
Physics, College of Science, University of Swansea, Singleton Park, Swansea, UK. 6School of Physics and Astronomy,
University of Birmingham, Edgbaston, Birmingham, UK. ’Center of Applied Space Technology and Micro Gravity (ZARM),
University of Bremen, Am Fallturm, Bremen, Germany. German Aerospace Center (DLR), Institute of Space Systems,
Robert Hooke-StraRe 7, Bremen, Germany. °Institute of Quantum Optics and Quantum Information (IQOQI), Austrian
Academy of Sciences, Boltzmanngasse 3, Vienna, Austria. '°ONERA, The French Aerospace Lab, 29 Avenue de la Division
Leclerc, Chatillon, France. ' Airbus Defence and Space GmbH, Claude-Dornier-Stra3e, Immenstaad, Germany.
1?Laboratoire Kastler Brossel, UPMC-Sorbonne Universités, CNRS, Collége de France, ENS-PSL Research University, 4 place
Jussieu, Paris, France. "*Laboratori Nazionali di Frascati dell'INFN, Via Enrico Fermi, 40, Frascati, Italy. '#School of Physics
and Astronomy, University of St. Andrews, North Haugh, St. Andrews, UK. "®Wigner Research Center for Physics, PO. Box
49, Budapest, 1525, Hungary. '®Institut fir Physik, Humboldt-Universitét zu Berlin, NewtonstraRe 15, Berlin, Germany.
Vlnstitut fir Quantenoptik, Leibniz Universitit Hannover, Welfengarten 1, Hannover, Germany. 'Photonics Laboratory,
ETH Zirich, Hoénggerbergring 64, Zirich, Switzerland. ""European Southern Observatory (ESO), Karl-Schwarzschild-StralRe
2, Garching bei Miinchen, Germany. 2°Nordita, KTH Royal Institute of Technology and Stockholm University,
Roslagstullsbacken 23, Stockholm, Sweden. 2'QOLS, Blackett Laboratory, Imperial College London, South Kensington
Campus, London, UK. ??ARC Centre for Engineered Quantum Systems, University of Queensland, St. Lucia, Brisbane,
Australia. 2*Department of Physics, University of California, 366 LeConte Hall, Berkeley, CA, USA. *Centre for Theoretical
Atomic, Molecular and Optical Physics, School of Mathematics and Physics, Queen’s University, University Road, Belfast,
UK. ZITAMP, Harvard-Smithsonian Center for Astrophysics, 60 Garden St, Cambridge, MA, USA. 2EN-STI-TCD, CERN -
European Organization for Nuclear Research, Geneva, 23, Switzerland. ?’Perimeter Institute for Theoretical Physics, 31
Caroline Street North, Waterloo, ON, Canada. *Institut fiir Quantenphysik, Universitat Ulm, Albert-Einstein-Allee 11, Ulm,
Germany. 2°Texas A & M University Institute for Advanced Study (TIAS), Institute for Quantum Science and Engineering
(IQSE), and Department of Physics and Astronomy, Texas A & M University, College Station, TX, USA. **Vienna Center for
Quantum Science and Technology, Institute of Atomic and Subatomic Physics, Vienna University of Technology,
Stadionallee 2, Vienna, Austria. 3! Applied Physics, California Institute of Technology, 1200 E California Blvd,, Pasadena, CA,
USA. *Institut fir Luft- und Raumfahrttechnik, Technische Universitat Dresden, MarschnerstraRe 32, Dresden, Germany.
3Dipartimento di Fisica e Astronomia and LENS, INFN, Universita di Firenze, via G. Sansone, 1, Sesto Fiorentino, Firenze,
Italy. **Physics and Astronomy, University of Southampton, Highfield Campus, Southampton, UK. >Atomic and Laser
Physics, Clarendon Laboratory, University of Oxford, Parks Road, Oxford, UK. **Center for Quantum Technologies, National
University of Singapore, 3 Science Drive 2, Singapore, Singapore.

Acknowledgements

AB acknowledges financial support from NANOQUESTFIT, INFN, and the COST Action MP1006. AR is supported by the
DLR, Grant No. DLR 50WM1136. LN acknowledges support by ERC-QMES (no. 338763). RK acknowledges support by the
FFG (no. 3589434).

Received: 6 October 2015 Accepted: 6 March 2016 Published online: 24 March 2016

References

1. Kaltenbaek R, Hechenblaikner G, Kiesel N, Romero-Isart O, Schwab KC, Johann U, Aspelmeyer M. Macroscopic
quantum resonators (MAQRO). Exp Astron. 2012;34(2):123-64. doi:10.1007/510686-012-9292-3.

2. Kaltenbaek R, Hechenblaikner G, Kiesel N, Blaser F, Groblacher S, Hofer S, Vanner MR, Wieczorek W, Schwab KC,
Johann U, Aspelmeyer M. Macroscopic quantum experiments in space using massive mechanical resonators.
Technical report. Study under contract with ESA, Po P5401000400; 2012.

3. Hechenblaikner G, Hufgard F, Burkhardt J, Kiesel N, Johann U, Aspelmeyer M, Kaltenbaek R. How cold can you get in
space? Quantum physics at cryogenic temperatures in space. New J Phys. 2014;16(1):013058.
doi:10.1088/1367-2630/16/1/013058.

4. Pilan Zanoni A, Kaltenbaek R, Burkhardt J, Johann U, Hechenblaikner G. Performance of a radiatively cooled system
for quantum optomechanical experiments in space. arXiv:1508.01032 (2015).

5. LiT, Kheifets S, Raizen MG. Millikelvin cooling of an optically trapped microsphere in vacuum. Nat Phys.
2011;7(7):527-30. doi:10.1038/nphys1952.

6. Gieseler J, Deutsch B, Quidant R, Novotny L. Subkelvin parametric feedback cooling of a laser-trapped nanoparticle.
Phys Rev Lett. 2012;109(10):103603. doi:10.1103/PhysRevLett.109.103603.

7. Kiesel N, Blaser F, Deli¢ U, Grass D, Kaltenbaek R, Aspelmeyer M. Cavity cooling of an optically levitated submicron
particle. Proc Natl Acad Sci USA. 2013;110(35):14180-5. doi:10.1073/pnas.1309167110.

8. Millen J, Fonseca PZG, Mavrogordatos T, Monteiro TS, Barker PF. Cavity cooling a single charged levitated nanosphere.
Phys Rev Lett. 2015;114:123602. doi:10.1103/PhysRevLett.114.123602.

9. Fonseca PZG, Aranas EB, Millen J, Monteiro TS, Barker PF. Nonlinear dynamics and millikelvin cavity-cooling of
levitated nanoparticles, 5. arXiv:1511.08482 (2015).

10. Schmid P, Sezer U, Horak J, Aspelmeyer M, Andt M, Kaltenbaek R. Trapped nanoparticles for space experiments.
Technical report. Study conducted under contract with the European Space Agency, AO/1-6889/11/NL/CBi; 2014.

11. Gieseler J, Novotny L, Quidant R. Thermal nonlinearities in a nanomechanical oscillator. Nat Phys. 2013;9(12):806-10.
doi:10.1038/nphys2798.


http://dx.doi.org/10.1007/s10686-012-9292-3
http://dx.doi.org/10.1088/1367-2630/16/1/013058
http://arxiv.org/abs/arXiv:1508.01032
http://dx.doi.org/10.1038/nphys1952
http://dx.doi.org/10.1103/PhysRevLett.109.103603
http://dx.doi.org/10.1073/pnas.1309167110
http://dx.doi.org/10.1103/PhysRevLett.114.123602
http://arxiv.org/abs/arXiv:1511.08482
http://dx.doi.org/10.1038/nphys2798

Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 45 of 47

12. Millen J, Deesuwan T, Barker P, Anders J. Nanoscale temperature measurements using non-equilibrium Brownian
dynamics of a levitated nanosphere. Nat Nanotechnol. 2014;9(6):425-9. doi:10.1038/nnano.2014.82.

13. Mestres P, Berthelot J, Spasenovi¢ M, Gieseler J, Novotny L, Quidant R. Cooling and manipulation of a levitated
nanoparticle with an optical fiber trap. Appl Phys Lett 2015;107:151102. doi:10.1063/1.4933180.

14. O'Connell AD, Hofheinz M, Ansmann M, Bialczak RC, Lenander M, Lucero E, Neeley M, Sank D, Wang H, Weides M,
Wenner J, Martinis JM, Cleland AN. Quantum ground state and single-phonon control of a mechanical resonator.
Nature. 2010;464:697-703. doi:10.1038/nature08967.

15. Teufel JD, Donner T, Li D, Harlow JW, Allman MS, Cicak K, Sirois AJ, Whittaker JD, Lehnert KW, Simmonds RW. Sideband
cooling of micromechanical motion to the quantum ground state. Nature. 2011;475(7356):359-63.
doi:10.1038/nature10261.

16. Chan J, Alegre Mayer TP, Safavi-Naeini AH, Hill JT, Krause A, Groblacher S, Aspelmeyer M, Painter O. Laser cooling of a
nanomechanical oscillator into its quantum ground state. Nature. 2011;478(7367):89-92. doi:10.1038/nature10461.

17. Kaltenbaek R, Hechenblaikner G, Schuldt T, Pilan-Zanoni A, Kiesel N, Burkhardt J, Aspelmeyer M, Braxmaier C, Johann
U. Design and build of a glued cavity with good optical access for experiments in quantum optomechanics. In
preparation; 2016.

18. Bateman J, Nimmrichter S, Hornberger K, Ulbricht H. Near-field interferometry of a free-falling nanoparticle from a
point-like source. Nat Commun. 2014;5:4788. doi:10.1038/ncomms5788.

19. Lin G, Furst JU, Strekalov DV, Yu N. Wide-range cyclic phase matching and second harmonic generation in
whispering gallery resonators. Appl Phys Lett. 2013;103(18):181107. doi:10.1063/1.4827538.

20. Gebert F, Frosz MH, Weiss T, Wan Y, Ermolov A, Joly NY, Schmidt PO, Russell PSJ. Damage-free single-mode
transmission of deep-UV light in hollow-core PCF. Opt Express. 2014;22(13):15388-96. doi:10.1364/0E.22.015388.

21. Bassi A, Ghirardi G. Dynamical reduction models. Phys Rep. 2003;379(5-6):257-426.
doi:10.1016/50370-1573(03)00103-0.

22. Bassi A, Ippoliti E, Adler S. Towards quantum superpositions of a mirror: an exact open systems analysis. Phys Rev Lett.
2005;94(3):030401. doi:10.1103/PhysRevLett.94.030401.

23. Bassi A Lochan K, Satin S, Singh T, Ulbricht H. Models of wave-function collapse, underlying theories, and
experimental tests. Rev Mod Phys. 2013;85(2):471-527. doi:10.1103/RevModPhys.85.471.

24. Ghirardi GC, Rimini A, Weber T. Unified dynamics for microscopic and macroscopic systems. Phys Rev D.
1986;34(2):470-91. doi:10.1103/PhysRevD.34.470.

25. Gisin N. Stochastic quantum dynamics and relativity. Helv Phys Acta. 1989;62:363-71.

26. Pearle P.Combining stochastic dynamical state-vector reduction with spontaneous localization. Phys Rev A.
1989;39(5):2277-89. doi:10.1103/PhysRevA.39.2277.

27. Ghirardi GC, Pearle P, Rimini A. Markov processes in Hilbert space and continuous spontaneous localization of
systems of identical particles. Phys Rev A. 1990;42(1):78-89. doi:10.1103/PhysRevA.42.78.

28. Di6si L. Gravitation and quantum-mechanical localization of macro-objects. Phys Lett A. 1984;105(4-5):199-202.
doi:10.1016/0375-9601(84)90397-9.

29. Penrose R. On gravity's role in quantum state reduction. Gen Relativ Gravit. 1996;28:581-600.
doi:10.1007/BF02105068.

30. Didsi L. Notes on certain Newton gravity mechanisms of wavefunction localization and decoherence. J Phys A, Math
Theor. 2007;40(12):2989-95. doi:10.1088/1751-8113/40/12/507.

31. Jaekel M, Reynaud S. Gravitational quantum limit for length measurements. Phys Lett A. 1994;185(2):143-8.
doi:10.1016/0375-9601(94)90838-9.

32. Lamine B, Hervé R, Lambrecht A, Reynaud S. Ultimate decoherence border for matter-wave interferometry. Phys Rev
Lett. 2006;96(5):050405. doi:10.1103/PhysRevLett.96.050405.

33. Riedel CJ. Direct detection of classically undetectable dark matter through quantum decoherence. Phys Rev D.
2013;88(11):116005. doi:10.1103/PhysRevD.88.116005.

34. Bateman J, McHardy |, Merle A, Morris TR, Ulbricht H. On the existence of low-mass dark matter and its direct
detection. Sci Rep. 2015;5:8058. doi:10.1038/srep08058.

35. Zych M, Costa F, Pikovski |, Brukner C. Quantum interferometric visibility as a witness of general relativistic proper
time. Nat Commun. 2011;2:505. doi:10.1038/ncomms1498.

36. Pikovski |, Zych M, Costa F, Brukner C. Universal decoherence due to gravitational time dilation. Nat Phys.
2015;11(8):668-72. doi:10.1038/nphys3366.

37. Abbott B, Abbott R, Adhikari R, Ajith P, Allen B, Allen G, et al., LIGO Scientific Collaboration. Observation of a
kilogram-scale oscillator near its quantum ground state. New J Phys. 2009;11(7):073032.
doi:10.1088/1367-2630/11/7/073032.

38. Armano M, Benedetti M, Bogenstahl J, Bortoluzzi D, Bosetti P, Brandt N, et al. LISA Pathfinder: the experiment and the
route to LISA. Class Quantum Gravity. 2010;26(9):094001. doi:10.1088/0264-9381/26/9/094001.

39. Anza S, Armano M, Balaguer E, Benedetti M, Boatella C, Bosetti P, et al. The LTP experiment on the LISA Pathfinder
mission. Class Quantum Gravity. 2005;22(10):5125-38. doi:10.1088/0264-9381/22/10/001.

40. Lindegren L, Babusiaux C, Bailer-Jones C, Bastian U, Brown AGA, Cropper M, Hag E, Jordi C, Katz D, van Leeuwen F, Luri
X, Mignard F, de Bruijne JHJ, Prusti T. The Gaia mission: science, organization and present status. Proc Int Astron
Union. 2008;3(5248):217-23.doi:10.1017/51743921308019133.

41. Drinkwater MR, Haagmans R, Muzi D, Popescu A, Floberghagen R, Kern M, Fehringer M. The GOCE gravity mission:
ESA's first core Earth explorer. In: Proceedings of 3rd international GOCE user workshop, ESA SP-627. 6-8 Nov., 2006,
Frascati, Italy; 2007. p. 1-8.

42. Marque J-P, Christophe B, Foulon B. In-orbit data of the accelerometers of the ESA GOCE mission. In: 61st
international astronautical congress. vol. 6. Prague, CZ; 2010. p. 10-131.

43. Touboul P, Rodrigues M. The MICROSCOPE space mission. Class Quantum Gravity. 2001;18(13):2487.
doi:10.1088/0264-9381/18/13/311.

44, Liorzou F, Boulanger D, Rodrigues M, Touboul P, Selig H. Free fall tests of the accelerometers of the MICROSCOPE
mission. Adv Space Res. 2014;54(6):1119-28. doi:10.1016/j.asr.2014.05.009.

45. Sheard BS, Heinzel G, Danzmann K, Shaddock DA, Klipstein WM, Folkner WM. Intersatellite laser ranging instrument
for the GRACE follow-on mission. J Geod. 2012;86(12):1083-95. doi:10.1007/500190-012-0566-3.


http://dx.doi.org/10.1038/nnano.2014.82
http://dx.doi.org/10.1063/1.4933180
http://dx.doi.org/10.1038/nature08967
http://dx.doi.org/10.1038/nature10261
http://dx.doi.org/10.1038/nature10461
http://dx.doi.org/10.1038/ncomms5788
http://dx.doi.org/10.1063/1.4827538
http://dx.doi.org/10.1364/OE.22.015388
http://dx.doi.org/10.1016/S0370-1573(03)00103-0
http://dx.doi.org/10.1103/PhysRevLett.94.030401
http://dx.doi.org/10.1103/RevModPhys.85.471
http://dx.doi.org/10.1103/PhysRevD.34.470
http://dx.doi.org/10.1103/PhysRevA.39.2277
http://dx.doi.org/10.1103/PhysRevA.42.78
http://dx.doi.org/10.1016/0375-9601(84)90397-9
http://dx.doi.org/10.1007/BF02105068
http://dx.doi.org/10.1088/1751-8113/40/12/S07
http://dx.doi.org/10.1016/0375-9601(94)90838-9
http://dx.doi.org/10.1103/PhysRevLett.96.050405
http://dx.doi.org/10.1103/PhysRevD.88.116005
http://dx.doi.org/10.1038/srep08058
http://dx.doi.org/10.1038/ncomms1498
http://dx.doi.org/10.1038/nphys3366
http://dx.doi.org/10.1088/1367-2630/11/7/073032
http://dx.doi.org/10.1088/0264-9381/26/9/094001
http://dx.doi.org/10.1088/0264-9381/22/10/001
http://dx.doi.org/10.1017/S1743921308019133
http://dx.doi.org/10.1088/0264-9381/18/13/311
http://dx.doi.org/10.1016/j.asr.2014.05.009
http://dx.doi.org/10.1007/s00190-012-0566-3

Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 46 of 47

46. Christophe B, Boulanger D, Foulon B, Huynh P-A, Lebat V, Liorzou F, Perrot E. A new generation of ultra-sensitive
electrostatic accelerometers for GRACE follow-on and towards the next generation gravity missions. Acta Astronaut.
2015;117:1-7.doi:10.1016/j.actaastro.2015.06.021.

47. Lightsey PA. James Webb Space Telescope: large deployable cryogenic telescope in space. Opt Eng.
2012;51(1):011003. doi:10.1117/1.0E.51.1.011003.

48. Schrodinger E. Die gegenwartige Situation in der Quantenmechanik. Naturwissenschaften. 1935;23:807.

49. Davisson C, Germer LH. The scattering of electrons by a single crystal of nickel. Nature. 1927;119:558-60.

50. Thomson GP. The diffraction of cathode rays by thin films of platinum. Nature. 1927;120:802.

51. Estermann |, Stern O. Beugung von Molekularstrahlen. Z Phys. 1930;61:95-125.

52. Eibenberger S, Gerlich S, Arndt M, Mayor M, Tlixen J. Matter-wave interference of particles selected from a molecular
library with masses exceeding 10,000 amu. PCCP, Phys Chem Chem Phys. 2013;15(35):14696-700.
doi:10.1039/c3cp51500a.

53. Adler SL, Bassi A. Physics. Is quantum theory exact?. Science. 2009;325(5938):275-6. doi:10.1126/science.1176858.

54. Aspelmeyer M, Kippenberg TJ, Marquardt F. Cavity optomechanics. Rev Mod Phys. 2014;86(4):1391-452.
doi:10.1103/RevModPhys.86.1391.

55. Collett B, Pearle P. Wavefunction collapse and random walk. Found Phys. 2003;33(10):1495-541.
doi:10.1023/A:1026048530567.

56. Bahrami M, Paternostro M, Bassi A, Ulbricht H. Proposal for a noninterferometric test of collapse models in
optomechanical systems. Phys Rev Lett. 2014;112(21):210404. doi:10.1103/PhysRevLett.112.210404.

57. Kaltenbaek R, Aspelmeyer M. Optomechanical Schrédinger cats - a case for space. In: Reiter WL, Yngvason J, editors.
Erwin Schrodinger - 50 years after. Vienna: Eur. Math. Soc.; 2013. p. 123-32. doi:10.4171/121-1/6.

58. Bera S, Motwani B, Singh TP, Ulbricht H. A proposal for the experimental detection of CSL induced random walk. Sci
Rep. 2015;5:7664. doi:10.1038/srep07664.

59. Zurek WH. Decoherence and the transition from quantum to classical. Phys Today. 1991;44(10):36.
doi:10.1063/1.881293.

60. Schlosshauer MA. Decoherence and the quantum-to-classical transition. Berlin: Springer; 2007.
doi:10.1007/978-3-540-35775-9.

61. D'Ariano G, Yuen H. Impossibility of measuring the wave function of a single quantum system. Phys Rev Lett.
1996;76(16):2832-5. doi:10.1103/PhysRevLett.76.2832.

62. Ellis J. Search for violations of quantum mechanics. Nucl Phys B. 1984,241(2):381-405.
doi:10.1016/0550-3213(84)90053-1.

63. Ellis J, Mohanty S, Nanopoulos DV. Quantum gravity and the collapse of the wavefunction. Phys Lett B.
1989;221(2):113-9. d0i:10.1016/0370-2693(89)91482-2.

64. Adler SL. Lower and upper bounds on CSL parameters from latent image formation and IGM heating. J Phys A, Math
Theor. 2007;40(12):2935-57. doi:10.1088/1751-8113/40/12/S03.

65. Hornberger K, Gerlich S, Haslinger P, Nimmrichter S, Arndt M. Colloquium: quantum interference of clusters and
molecules. Rev Mod Phys. 2012;84(1):157-73. doi:10.1103/RevModPhys.84.157.

66. Brezger B, Arndt M, Zeilinger A. Concepts for near-field interferometers with large molecules. J Opt B, Quantum
Semiclass Opt. 2003;5(2):582-9. doi:10.1088/1464-4266/5/2/362.

67. Haslinger P, Dorre N, Geyer P, Rodewald J, Nimmrichter S, Arndt M. A universal matter-wave interferometer with
optical ionization gratings in the time domain. Nat Phys. 2013;9(3):144-8. doi:10.1038/nphys2542.

68. Hornberger K, Gerlich S, Ulbricht H, Hackermdiller L, Nimmrichter S, Goldt IV, Boltalina O, Amdt M. Theory and
experimental verification of Kapitza-Dirac-Talbot-Lau interferometry. New J Phys. 2009;11(4):043032.
doi:10.1088/1367-2630/11/4/043032.

69. Chang DE, Regal CA, Papp SB, Wilson DJ, Ye J, Painter O, Kimble HJ, Zoller P. Cavity opto-mechanics using an optically
levitated nanosphere. Proc Natl Acad Sci USA. 2010;107:1005-10. doi:10.1073/pnas.0912969107.

70. Romero-lsart O, Juan ML, Quidant R, Cirac JI. Toward quantum superposition of living organisms. New J Phys.
2010;12:33015. doi:10.1088/1367-2630/12/3/033015.

71. Nimmrichter S. Macroscopic matter wave interferometry. Switzerland: Springer; 2014.
doi:10.1007/978-3-319-07097-1.

72. de Broglie L. Waves and quanta. Nature. 1923;112:540.

73. Kaltenbaek R. Testing quantum physics in space using optically trapped nanospheres. Proc SPIE. 2013;8810:881008.
doi:10.1117/12.2027051.

74. Leger A. DARWIN mission proposal to ESA. arXiv:0707.3385 (2007).

75. Loose M, Beletic J, Garnett J, Muradian N. Space qualification and performance results of the SIDECAR ASIC. In:
Mather JC, MacEwen HA, de Graauw MWM, editors. SPIE astronomical telescopes and instrumentation . vol. 6265.
Orlando: International Society for Optics and Photonics; 2006. 62652J. doi:10.1117/12.672705.

76. BaiY, Bajaj J, Beletic JW, Farris MC, Joshi A, Lauxtermann S, Petersen A, Williams G. Teledyne imaging sensors: silicon
CMOS imaging technologies for X-ray, UV, visible, and near infrared. In: High energy, optical, and infrared detectors
for astronomy lll. Proceedings of SPIE. vol. 7021; 2008. 702102. doi:10.1117/12.792316.

77. Kubanek A, Koch M, Sames C, Ourjoumtsev A, Pinkse PWH, Murr K, Rempe G. Photon-by-photon feedback control of
a single-atom trajectory. Nature. 2009;462(7275):898-901. doi:10.1038/nature08563.

78. Yin Z,Li T, Feng M. Three-dimensional cooling and detection of a nanosphere with a single cavity. Phys Rev A.
2011,83(1):013816. doi:10.1103/PhysRevA.83.013816.

79. Lafargue L, Rodrigues M, Touboul P. Towards low-temperature electrostatic accelerometry. Rev Sci Instrum.
2002;73(1):196. doi:10.1063/1.1416103.

80. Trobs M, WeRels P, Fallnich C, Bode M, Freitag I, Skorupka S, Heinzel G, Danzmann K. Laser development for LISA. Class
Quantum Gravity. 2006;23(8):5151-8. doi:10.1088/0264-9381/23/8/520.

81. Hildebrandt L, Knispel R, Stry S, Sacher JR, Schael F. Antireflection-coated blue GaN laser diodes in an external cavity
and Doppler-free indium absorption spectroscopy. Appl Opt. 2003;42(12):2110. doi:10.1364/A0.42.002110.

82. Vasilyev S, Nevsky A, Ernsting |, Hansen M, Shen J, Schiller S. Compact all-solid-state continuous-wave
single-frequency UV source with frequency stabilization for laser cooling of Be+ ions. Appl Phys B. 2011;103(1):27-33.
doi:10.1007/500340-011-4435-1.


http://dx.doi.org/10.1016/j.actaastro.2015.06.021
http://dx.doi.org/10.1117/1.OE.51.1.011003
http://dx.doi.org/10.1039/c3cp51500a
http://dx.doi.org/10.1126/science.1176858
http://dx.doi.org/10.1103/RevModPhys.86.1391
http://dx.doi.org/10.1023/A:1026048530567
http://dx.doi.org/10.1103/PhysRevLett.112.210404
http://dx.doi.org/10.4171/121-1/6
http://dx.doi.org/10.1038/srep07664
http://dx.doi.org/10.1063/1.881293
http://dx.doi.org/10.1007/978-3-540-35775-9
http://dx.doi.org/10.1103/PhysRevLett.76.2832
http://dx.doi.org/10.1016/0550-3213(84)90053-1
http://dx.doi.org/10.1016/0370-2693(89)91482-2
http://dx.doi.org/10.1088/1751-8113/40/12/S03
http://dx.doi.org/10.1103/RevModPhys.84.157
http://dx.doi.org/10.1088/1464-4266/5/2/362
http://dx.doi.org/10.1038/nphys2542
http://dx.doi.org/10.1088/1367-2630/11/4/043032
http://dx.doi.org/10.1073/pnas.0912969107
http://dx.doi.org/10.1088/1367-2630/12/3/033015
http://dx.doi.org/10.1007/978-3-319-07097-1
http://dx.doi.org/10.1117/12.2027051
http://arxiv.org/abs/arXiv:0707.3385
http://dx.doi.org/10.1117/12.672705
http://dx.doi.org/10.1117/12.792316
http://dx.doi.org/10.1038/nature08563
http://dx.doi.org/10.1103/PhysRevA.83.013816
http://dx.doi.org/10.1063/1.1416103
http://dx.doi.org/10.1088/0264-9381/23/8/S20
http://dx.doi.org/10.1364/AO.42.002110
http://dx.doi.org/10.1007/s00340-011-4435-1

Kaltenbaek et al. EPJ Quantum Technology (2016) 3:5 Page 47 of 47

83.

84.

85.

86.

87.

88.

89.
90.

Pound RV. Electronic frequency stabilization of microwave oscillators. Rev Sci Instrum. 1946;17(11):490.
doi:10.1063/1.1770414.

Drever RWP, Hall JL, Kowalski FV, Hough J, Ford GM, Munley AJ, Ward H. Laser phase and frequency stabilization using
an optical resonator. Appl Phys B. 1983;31(2):97-105. doi:10.1007/BF00702605.

Benabid F, Knight J, Russell P. Particle levitation and guidance in hollow-core photonic crystal fiber. Opt Express.
2002;10(21):1195. doi:10.1364/0E.10.001195.

Schmidt OA, Euser TG, Russell PSJ. Mode-based microparticle conveyor belt in air-filled hollow-core photonic crystal
fiber. Opt Express. 2013,;21(24):29383-91. doi:10.1364/0E.21.029383.

Grass D. Optical trapping and transport of nanoparticles with hollow core photonic crystal fibers. Masters thesis.
University of Vienna; 2013. http://othes.univie.ac.at/28929/.

Lenoir B, Lévy A, Foulon B, Lamine B, Christophe B, Reynaud S. Electrostatic accelerometer with bias rejection for
gravitation and Solar System physics. Adv Space Res. 2011;48(7):1248-57. doi:10.1016/j.asr.2011.06.005.

Biermann L. Solar corpuscular radiation and the interplanetary gas. Observatory. 1957;77:109-10.

Romero-Isart O, Pflanzer AC, Juan ML, Quidant R, Kiesel N, Aspelmeyer M, Cirac JI. Optically levitating dielectrics in the
quantum regime: Theory and protocols. Phys Rev A. 2011;83(1):13803. doi:10.1103/PhysRevA.83.013803.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1063/1.1770414
http://dx.doi.org/10.1007/BF00702605
http://dx.doi.org/10.1364/OE.10.001195
http://dx.doi.org/10.1364/OE.21.029383
http://othes.univie.ac.at/28929/
http://dx.doi.org/10.1016/j.asr.2011.06.005
http://dx.doi.org/10.1103/PhysRevA.83.013803

	Macroscopic Quantum Resonators (MAQRO): 2015 update
	Abstract
	Keywords

	Introduction
	Outline
	Motivation
	What are the fundamental physical laws of the universe?
	Fundamental science and technology pathﬁnder
	Why space?

	MAQRO with respect to other missions
	Technological heritage for MAQRO
	Alternative mission scenarios

	Scientiﬁc objectives
	Non-interferometric tests of quantum physics
	Deviations from quantum physics in wave-packet expansion
	Decoherence in high-mass matter-wave interferometry

	Scientiﬁc requirements
	Phase grating
	Test particles
	Particle loading
	State preparation
	Minimizing decoherence effects
	Microgravity environment
	Position detection

	Proposed scientiﬁc instrument
	Outer subsystem
	Thermal-shield structure
	Complementary metal-oxide semiconductor (CMOS) camera
	Optical-bench assembly
	High-ﬁnesse IR cavity assembly
	Low-ﬁnesse IR+UV cavity
	Loading mechanism
	Accelerometer

	Inner subsystem
	IR laser system
	UV source
	IR-mode generation
	IR-mode locking
	Data-acquisition subsystem
	Loading mechanism
	Accelerometer

	Critical issues
	Nanoparticle temperature
	Preparation of macroscopic superpositions
	Loading mechanism

	Operations and measurement technique
	Loading sequence
	Moving sequence
	Measurement sequence


	Proposed mission conﬁguration and proﬁle
	Orbit requirements
	Alternative orbits
	Mission lifetime
	System requirements and spacecraft key issues
	Payload mass budget
	Power budget
	Link budget
	Spacecraft thermal design
	Attitude and orbit control
	Redundancy considerations
	Vacuum requirements
	Heat-shield structure
	Protective cover & shield bake out

	Communication, mass-data storage & ground segment
	Science operations & archiving
	Mission phases
	Launch
	Commissioning
	Passive cooling & calibration
	Science operation
	Spacecraft disposal


	Changes compared to the M3 proposal of MAQRO
	Conclusions & outlook
	Acronyms & Abbreviations
	Competing interests
	Authors' contributions
	Author details
	Acknowledgements
	References


