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Abstract
Quantum sensors based on atom interferometry are precise measurement devices
whose ultimate performance can be reached using Bose–Einstein condensates (BECs)
in extended free fall. This thesis summarizes the endeavour of the QUANTUS and
MAIUS collaborations to enable BECs for precision interferometry in space. To this
end, an atom-chip setup was developed to efficiently produce BECs of Rb-87 atoms
in a compact and robust apparatus. Two different microgravity facilities, the ZARM
drop tower and a sounding rocket, were utilized to serve as test-beds for future
orbital space missions. The first generation drop tower experiment QUANTUS-1
performed BEC-based atom interferometry in microgravity realizing interferometer
times of up to 677 ms. The successor QUANTUS-2 setup was improved to realize
a high-flux source producing BECs of 4 × 105 atoms in 1.6 s. The advanced setup
provides excellent control over the BECs and reaches a pointing reproducibility on
the low µm level as required by future space-based atom interferometry missions.
In combination with simulations based on a detailed atom-chip model this allowed
employing sophisticated protocols for the transport of the atoms on the chip and
reducing the expansion energy of the BEC to 38 pK thus enabling extended free-fall
times of up to 2.7 s. The atom-chip setup was next used as the basis for the design
of the scientific payload MAIUS-A to be operated on a sounding rocket flight. A
comprehensive qualification and verification throughout the process ensured that the
apparatus would fulfil the requirements set by the rough environment of a sounding
rocket mission. The robustness of the system and the high BEC flux of 105 atoms/s
allowed conducting 110 experiments central to matter-wave interferometry in the
course of the rocket flight MAIUS-1. The implemented sequence graph based on
onboard evaluation enabled the autonomous operation of the measurements as well as
the optimization of key parameters during the space flight. In particular, the phase
transition into the BEC was analysed and the BECs were studied as a source for
high-precision atom interferometry. Indeed, the dynamics of the collective evolution
of the BEC during transport and free expansion for up to 300 ms were analysed.
The measurements showed an instability of 1 % and results in agreement with mean-
field simulations. These simulations are based on the atom-chip model and take
gauged uncertainties of the applied currents and the geometric dimensions of the
setup into account. Furthermore, a variety of experiments on Bragg diffraction and
shear interferometry investigating the coherence of the BEC were conducted. The
development of the hardware technology and the successful demonstration of all of
these atom-optic methods represents an important milestone for high-precision atom
interferometry with BECs in space. The presented results have set the foundation for
future space missions aiming at geodesy applications or tests of fundamental physics.
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CHAPTER 1
Introduction

Interferometry is an exquisite measurement technique based on the superposition
principle of waves. Since decades, interferometry has a high impact in the fields of as-
tronomy, biology, chemistry, engineering, and physics. Today, optical interferometers
are widely used both in science and in industry for precision measurements, e.g. for
the detection of gravitational waves [1, 2] or to measure the rotation of the Earth [3].

By utilizing the wave character of particles [4], it is also possible to use cold atoms [5,
6] as an input state for interferometry [7]. Similar to their optical counterparts, atom
interferometers measure the accumulated phase difference between matter waves
along different paths [8]. Atom interferometers have been used to test fundamental
physics including measurements of the gravitational constant [9, 10], the fine-structure
constant [11, 12], and the universality of free fall [13–18]. The latter allows searching
for a "theory of everything" [19] by probing general relativity [20] with quantum
objects [21]. Recently, atom interferometers also have been proposed as a method
to detect gravitational waves [22–26]. Furthermore, atom interferometry found
application in inertial sensing of accelerations [27] or rotations [28–30] and Earth
observation via gravimetry [31–36] or gravity gradiometry [37, 38].

The urge to further improve our understanding of the Universe makes it essential to
keep increasing the precision of the measurements. The sensitivity of an interferometer
typically scales quadratically with the free-fall time of the atoms and thus can be
drastically enhanced by extended free fall as experienced in fountain [39, 40] or
microgravity [41, 42] experiments. In particular, a spacecraft provides not only
microgravity but also a quiet and seismic-noise free environment and thus presents
an excellent platform for high-precision measurements [23, 43–45]. To fully exploit
the long interferometry times possible it is indispensable to have an ultra-cold atomic
ensemble with a vanishingly low expansion velocity. Although this requirement can
be fulfilled with Bose-Einstein condensates (BECs) [46–51] in combination with
further delta-kick collimation (DKC) [41, 52, 53], it is technically challenging and
demands high effort.

In early 2004 the QUANTUS (Quantum Gases in Weightlessness) collaboration,
comprised of several universities and funded by the German Aerospace Center DLR,
was initiated with the goal to bring BECs into space and thus enabling high-precision
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2 Chapter 1 Introduction

matter-wave interferometry for research in both fundamental physics and Earth
observations [54]. The biggest challenge was to get the typically lab-filling setups for
the creation of BECs to be compact and robust enough to be deployed in microgravity
facilities, e.g. drop towers or sounding rockets. By employing special diode lasers [55,
56] and atom chips consisting of micro integrated current structures [57–59] for
cooling and trapping of the atoms, it was possible to create BECs for the first time
in microgravity [60] and subsequently in space [61]. The comparable easier access
of drop towers and sounding rockets made these experiments an ideal test-bed for
new technologies and atom-optical methods [62–64] required for the success of future
satellite missions [43, 65] performing atom interferometry to extent our knowledge
on fundamental physics and of the Earth.

Scope of this thesis
This thesis presents the endeavour of the QUANTUS collaboration to enable BECs for
precision interferometry in space. At first, a short introduction to atom interferometry
(chap. 2) is given. Herein, the advantageous of performing the atom interferometer
in extended free fall with BECs as a source are highlighted. Based on that, the
pioneering work of the drop tower experiments QUANTUS-1 and -2 for BEC-
based atom interferometry in microgravity is presented (chap. 3). In particular,
the conducted atom interferometry over extended free-fall times in the drop tower
(Ref. [A1]) and the developed high-flux BEC source (Ref. [A2]) are discussed. The
next chapter describes the design and qualification of the scientific payload MAIUS-A
(chap. 4), with a focus on the vacuum system (Ref. [A3]) in which the experiments
are performed. Chapter 4 furthermore presents the experimental results of the
sounding rocket mission MAIUS-1 (Ref. [A4, A5]), highlighting the study of the
space-borne BEC for precision interferometry. The thesis concludes (chap. 5) with a
discussion of the results achieved within this work and its impact on current and
future space-borne atom interferometry missions.



1.1 Publications 3

1.1 Publications
This thesis is based on the following original publications:

A1. H. Müntinga, H. Ahlers, M. Krutzik, A. Wenzlawski, S. Arnold, D. Becker,
K. Bongs, H. Dittus, H. Duncker, N. Gaaloul, et al.: ‘Interferometry with
Bose-Einstein condensates in microgravity’. Physical review letters (2013), vol.
110(9): p. 093602 (cit. on pp. 2, 12, 13).
Contribution: As a member of the QUANTUS collaboration, I supported
the experimental team, consisting of H. M., H. A., M. K., and A. W., in the
data evaluation.

A2. J. Rudolph, W. Herr, C. Grzeschik, T. Sternke, A. Grote, M. Popp, D. Becker,
H. Müntinga, H. Ahlers, A. Peters, et al.: ‘A high-flux BEC source for mobile
atom interferometers’. New Journal of Physics (2015), vol. 17(6): p. 065001
(cit. on pp. 2, 15, 16, 18, 30).
Contribution: I helped J. R. and W. H. setting-up the experiment, optimizing
the loading scheme and performing the measurements.

A3. J. Grosse, S. T. Seidel, D. Becker, M. D. Lachmann, M. Scharringhausen,
C. Braxmaier, and E. M. Rasel: ‘Design and qualification of an UHV system
for operation on sounding rockets’. Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films (2016), vol. 34(3): p. 031606 (cit. on pp. 2,
24).
Contribution: Alongside J. G. and S. T. S. I set up the vacuum system and
performed the vibrational tests.

A4. D. Becker, M. D. Lachmann, S. T. Seidel, H. Ahlers, A. N. Dinkelaker, J.
Grosse, O. Hellmig, H. Müntinga, V. Schkolnik, T. Wendrich, et al.: ‘Space-
borne Bose-Einstein condensation for precision interferometry’. Nature (7727
2018), vol. 562: pp. 391–395 (cit. on pp. 2, 23, 25–28).
Contribution: Together with M. D. L., S. T. S., and others I planned and
executed the campaign, carried out the data evaluation and the simulations,
and wrote the manuscript.

A5. M. D. Lachmann, H. Ahlers, D. Becker, A. N. Dinkelaker, J. Grosse, O.
Hellmig, H. Müntinga, V. Schkolnik, S. T. Seidel, T. Wendrich, et al.: ‘Ultracold
atom interferometry in space’. Nature Communications (2021), vol. 12: p. 1317
(cit. on pp. 2, 29, 30).
Contribution: Together with M. D. L., S. T. S., and others I planned and
executed the campaign. I supported M. D. L. and H. A. evaluating the data.





CHAPTER 2
Atom interferometry

All sensors mentioned in this thesis are based on the principle of light-pulse atom
interferometry. These atom interferometers are comprised of beam splitters and
mirrors analogue to classical light interferometers. Here, counter-propagating laser
beams are creating a grating made of light which is diffracting the atoms. This
interaction with light coherently transfers the atoms by a two-photon process from
state |1⟩ via a detuned intermediate state to state |2⟩. The hereby transferred
momentum 𝑝 = ~𝑘⃗eff is proportional to the effective two-photon laser wave vector
𝑘⃗eff and the reduced Planck constant ~. Depending on the configuration of this
process, the atoms either stay in the same electronic state (Bragg) [66, 67] or are
transferred to a different internal state (Raman) [68, 69]. By properly adjusting the
pulse strength, given by the product of the pulse duration 𝑡 and the Rabi frequency
(𝛺), the transferred population can be set to 1/2 (𝛺𝑡 = 𝜋/2) or 1 (𝛺𝑡 = 𝜋). The
beam splitter and mirror pulses are thus called 𝜋/2 and 𝜋 pulse, respectively.

With a sequence of 𝜋/2 and 𝜋 pulses separated by a time 𝑇 different types of
interferometers can be formed: The Ramsey interferometer, comprised of two 𝜋/2
pulses, is widely used to determine the transition frequency in atomic clocks and
can also be applied to measure the velocity of the atomic cloud. The 𝜋/2 − 𝜋 − 𝜋/2
sequence resulting in a Mach-Zehnder type geometry (see fig. 2.1) can be used
to precisely measure rotation 𝛺⃗ [70] or acceleration 𝑎⃗ [71]. Additional pulses can
be added to the common interferometer sequences to suppress disturbing effects
or to enhance the sensitivity on the measurement quantity, e.g. Ramsey-Bordé
interferometer or Mach-Zehnder interferometer in a 𝜋/2 − 𝜋 − 𝜋 − 𝜋/2 butterfly
configuration. Multiple interferometers can also be employed in a differential setup,
e.g. as a gravity gradiometer, to measure alternating forces, or to test the weak
equivalence principle with either different atomic species, isotopes of the same species,
or internal states of the same atomic source.

In all these cases, a phase difference between the two paths accumulates due to
internal and external effects during the interferometer sequence. For a Mach-Zehnder
interferometer this leads to a phase difference of

𝛥𝜑 = (𝑘⃗eff · 𝑎⃗ + 2(𝑘⃗eff × 𝑣⃗) · 𝛺⃗)𝑇 2 (2.1)
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6 Chapter 2 Atom interferometry

with 𝑣⃗ as the velocity of the atoms.
At the end of the sequence the phase difference can be determined by measuring

the ratio of the populations 𝑁0 and 𝑁1 in the output ports. The measurement of
the atom number 𝑁 is limited due to the quantum projection noise. This leads to
a lower bound for the phase uncertainty 𝛥𝜑 ∝ 1/

√
𝑁 . Hence, a large number of

atoms is favourable for an interferometer to reach a good single shot sensitivity. All
variables in the measurement, pulse separation time 𝑇 and effective laser wave vector
𝑘⃗eff, can be related to a well-known frequency standard and the quantity of interest
can therefore be precisely measured with a light-pulse atom interferometer.

However, systematic errors are limiting the interferometric measurement and can
lead to incorrect results. These include e.g. gravity gradients, residual non-linear
magnetic fields, or distortions in the wavefront of the interferometry beams. Most
of the errors scale with the center of mass motion and expansion velocity of the
atomic cloud. A high level of control on the motion of the atoms and a low expansion
velocity are therefore essential ingredients for a high-precision measurement. Random
fluctuations of external effects or in the prepared atomic source can be averaged down
by repeated measurements. Employing a high-flux source in the interferometer enables
a high repetition rate and reduces the statistical uncertainties of the measurement.

Performing a Mach-Zehnder type interferometer with a small difference 𝛿𝑇 between
the two pulse separation times will result in a spatial displacement 𝑑 in each output
port. Such an asymmetric Mach-Zehnder interferometer (AMZI) has, similar to the
Ramsey interferometer [72], spatial fringes on the two output ports and is comparable
to a double-slit experiment [73]. With the AMZI it is possible to study the temporal
coherence of the atomic cloud and to evaluate the contrast of a Mach-Zehnder type
interferometer in a single measurement. The fringe spacing will linear increase with
the total expansion time of the atomic clouds and is inversely proportional to the
displacement 𝑑.
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Figure 2.1: Mach-Zehnder type interferometer. A cloud of atoms (blue circle) is
prepared and released at 𝑡0. The light beams (red sinusoidal lines) coherently split
and recombine the atom trajectories depicted for an acceleration 𝑎 > 0 (solid) and for
microgravity 𝑎 = 0 (dashed). The acceleration 𝑎 or rotation 𝛺 acting on the atoms
can be determined by the detected population difference of the two output states 𝑁0
and 𝑁1. Taken from [74].

2.1 Extended free fall
As seen from (2.1) the sensitivity scales quadratically with the pulse separation time
𝑇 . To increase the pulse separation and gain sensitivity it is necessary to extend the
free-fall time of the atoms. There are two concepts on how to extend the free-fall
time in an atom interferometer: On the one hand there are fountain experiments,
e.g. atomic fountain clocks, where atoms are accelerated upwards and then travel
along the trajectory following the gravitational field. On the other hand there are
microgravity experiments where the entire experiment carries out a parabolic flight
and the atoms are set at rest in respect with the experiment.

Both methods certainly have their own advantages and drawbacks. The optimal
setup also strongly depends on the environment and the value to be measured.
Smaller fountain experiments (length 𝑙 < 1 m ⇒ 𝑇 < 0.5 s) are practical in a
mobile setup for field applications [34]. Stationary and larger fountain setups
(𝑙 = 1 m − 10 m ⇒ 𝑇 = 0.5 s − 3 s) deliver higher sensitivities and are best for
gravitational reference measurements or tests of fundamental physics [39, 40, 75].
Microgravity experiments on orbital platforms can be utilized both for geodetic Earth
observations or for tests of fundamental physics at ultra-long time scales (𝑇 > 1 s).
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Table 2.1: Comparison of microgravity facilities. The Bremen Drop Tower operated
by ZARM [76] provides 10 launches per week. The Einstein-Elevator [77] at the
Hannover Institute of Technology supports 300 launches per day. The Novespace
Zero-G airplane [78] is available for 5-7 campaigns per year each consisting of 2-4
flights with 30 parabolas per flight. The Esrange Space Center [79] conducts about 10
sounding rocket missions per year each providing 6 minutes of µg. On the International
Space Station (ISS) an experiment typically operates 40 h per week. On a dedicated
satellite an experiment can run continuously. For orbital facilities the duration of the
µg phase is only limited by the experiment itself.

microgravity facilities quality duration availability
𝛿𝑎/𝑔0 sec h/year

Zarm drop tower 10−6 9 1.3
Einstein-Elevator 10−5 4 87
Zero-G airplane 10−2 22 3.3
sounding rocket 10−6 360 1
ISS 10−4 − 2000
satellite 10−6 − 8760

They are also especially suited for differential measurements because the atomic
clouds stay stationary inside the experiment before and during the interferometer.

Although orbital platforms offer the best conditions for ultra-high precision mea-
surements they also come with very high financial demands and a variety of challenges.
Other available microgravity platforms like Earth-bound drop towers or sounding
rockets deliver similar high-quality microgravity conditions with much better accessi-
bility (see table 2.1). This is why these platforms qualify as a perfect test bed for
highly anticipated dedicated satellite missions.

2.2 Bose-Einstein condensation
In order to profit from the long free-evolution times provided by the microgravity
facilities it is indispensable to have an atomic source with very low expansion velocities.
In most of the smaller fountain experiments thermal clouds of a few microkelvins are
used as an input state. These temperatures are realized with polarization gradient
cooling [80] and result in expansion velocities 𝜎𝑣 ≈ 50 mm/s. With additional velocity
selection based on light pulses blowing away all but the slowest atoms it is still
possible to work with these thermal atoms for up to a few hundred milliseconds
at the cost of a reduced atom number. The velocity selection technique certainly
works comfortably for small fountain experiments but will be unfavourable at longer
interferometry times. These require lower expansion velocities and would result in
even lower atom numbers.

As an alternative and more direct approach, very low expansion velocities can
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be achieved by active cooling of the atoms. In the case of Bosons this will result
below a density dependent critical temperature in a special macroscopic state of
matter, the Bose-Einstein condensate [46–51]. Besides their fascinating properties,
e.g. superfluidity and quantum vortices [81], BECs also offer many advantages for
precision atom interferometry: The initial size of the cloud is much smaller because
all the atoms are occupying the ground state in a potential. Furthermore, the atomic
cloud has typically a much slower expansion rate and a large coherence length that
extends over the entire cloud. Furthermore, utilizing BECs as a source for atom
interferometry reduces systematic uncertainties such as inhomogeneous dephasing
due to field gradients and wavefront distortions [82].

To further cool the atoms from the few microkelvins after polarization gradient
cooling to the critical temperature, usually at around 100 nK, evaporative cooling is
applied. This process continuously removes only the most energetic atoms and lets
the cloud rethermalize until it reaches the critical temperature. To compete with the
standard velocity selection technique this process needs to be both fast and efficient.
In the past decade several new methods for state preparation and cooling have been
developed. Advancements in technology, e.g. atom chips or acousto-optic deflectors,
help to create optimized trapping potentials. In combination these enable setups for
fast and efficient evaporation resulting in a high BEC flux. The high level of control
and the high flux that can be achieved with BEC experiments make them promising
candidates for high-precision atom interferometry.





CHAPTER 3
Bose-Einstein condensates for microgravity

The QUANTUS collaboration follows the goal to bring BECs into space and thus
enabling high-precision research in both fundamental physics and Earth observations.
The biggest challenge was to get the typically lab-filling setups to create BECs to be
sufficiently robust and compact to be deployed in a drop tower or other microgravity
facilities. The here utilized Bremen Drop Tower operated by the Center of Applied
Space Technology and Microgravity (ZARM) has a 110 m long drop tube and provides
4.7 s in drop or 9.3 s of microgravity in catapult mode [76]. Operating an experiment
in the drop tower sets stringent restrictions on volume and mass, which could not be
fulfilled with any lab-based BEC experiment. Furthermore, strong loads and forces
act on the setup during launch and impact.

With the QUANTUS-1 apparatus the first fully-functional BEC experiment for the
drop tower has been build. The experimental setup is based on a typical magneto-
optical trap (MOT), which is loaded from a rubidium (Rb) background vapour,
combined with a sophisticated atom-chip setup for BEC production. The atom chip
consists of several integrated micro structures and is situated inside the vacuum
chamber. With the atom chip it is possible to magnetically trap the atoms and
perform radio frequency based forced evaporation. Because it is close to the atoms
the required magnetic potentials can be generated with comparable low currents
at low voltages which reduces the overall power consumption of the setup. Crucial
parameters of the evaporation process, e.g. trapping frequency, trap bottom, or
cut-off frequency, can be independently adjusted for an efficient evaporation. The
apparatus furthermore has a compact and robust laser system to be able to operate
in the drop tower.

The QUANTUS-1 apparatus accomplished the first demonstration of a BEC in
microgravity in 2007 [60]. Following, QUANTUS-1 conducted further drop campaigns
to study the BEC evolution and to perform BEC-based atom interferometry in
microgravity (section 3.1). Based on the successful results of QUANTUS-1, a second
generation experiment with enhanced capabilities was build. The QUANTUS-2
apparatus was set up as a smaller capsule to support the catapult mode of the drop
tower and to extend the microgravity time to the full 9.3 s. The setup included
an advanced three-layer atom chip for fast and efficient evaporation (section 3.2).

11



12 Chapter 3 Bose-Einstein condensates for microgravity

Moreover, it was designed as a two-species experiment to perform tests of the weak
equivalence principle [83].

This chapter describes first the results and challenges performing atom interferom-
etry with QUANTUS-1 in the drop tower and following this the design and setup of
the second generation experiment QUANTUS-2 as a high-flux BEC source for atom
interferometry. Further details and in-depth descriptions about the hardware and the
experimental results of both QUANTUS-1 and -2 can be found in the corresponding
dissertations of my colleagues [74, 84–92].

3.1 QUANTUS-1: Atom interferometry in the drop tower
After reliable production of BECs in the drop tower was established, the drop
campaigns were targeted at studying the free expansion of the BEC [60]. To be able
to detect the atoms after a time of flight in the order of one second it is necessary
to reduce the expansion velocity of the BEC. For this the technique of delta-kick
collimation (DKC) [93] is employed. After a short free expansion of the atomic cloud
a trapping potential is applied for a brief moment. By this, the kinetic energy of the
atomic cloud can be drastically reduced. To mitigate disturbing external magnetic
forces on the atomic cloud during its expansion after DKC a state preparation has
been implemented. The adiabatic rapid passage (ARP) [94] transfers the atoms into
the magnetically insensitive state |𝑚𝐹 ⟩ = 0. With these experimental techniques the
BEC can still be detected after free expansion times of up to two seconds, limited by
the microgravity time in the drop tower itself.

Following the optimization of the release and the DKC, the next goal was to
perform BEC-based atom interferometry in microgravity. As a first step studies on
spatial coherence based on a two-pulse Ramsey interferometer were conducted. A
spatial fringe structure on the atomic cloud appears after the interferometry sequence.
From a single experimental run one can determine the fringe spacing and the contrast
of the measurement. When performing a Mach-Zehnder type interferometer only
the population difference of the two output ports can be measured. To determine
the contrast and the phase offset of the measurement a phase scan is required. Here,
the phase of the interferometer is varied over a full oscillation cycle. This can be
overcome by introducing a small difference 𝛿𝑇 to one of the pulse separation times
and thus creating an asymmetric Mach-Zehnder interferometer (AMZI) [A1] with
spatial fringes on the two output ports. With this scheme it is possible to evaluate
the contrast of a Mach-Zehnder type interferometer in a single measurement. For
QUANTUS-1 the AMZI scheme is highly beneficial since the drop tower only allows
for up to three drops per day.

The AMZI paired with the technique of DKC allowed probing the coherent evolution
of the BEC in extended free fall (see fig. 3.1). The high coherence of the BEC itself
resulted in a high contrast even for expansion times for up to one second. For an
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Figure 3.1: Atom interferometry in the drop tower. Left: experimental sequence as
performed during the 4.7 s of µg in the Bremen Drop Tower. Center: photo of the
QUANTUS-1 capsule. Top right: illustration of the atom chip with atomic clouds in
the two output ports of the AMZI realized by two counter-propagating light beams
depicted as red arrows. Bottom right: resulting interference patterns are visible in
the taken absorption pictures and in the corresponding line integrals of the density
distribution. Adapted from [A1].

interferometry time of up to 500 ms the contrast was constant at around 50 %. For
longer times the contrast started to decrease. After a total interferometer time of
677 ms a fringe structure was still visible with a contrast of 20 %. The applied pulse
separation times of up to 330 ms correspond to a macroscopic spatial separation of
the wave packets during the interferometer of up to 2 mm.

To identify the reason for the loss of contrast an extensive study was performed.
For this a variety of additional measurements were conducted both with the AMZI
and a Ramsey interferometer for comparison. First, a new type of detection scheme
was implemented to exclude a low signal to noise ratio as the source of the contrast
decrease. To test the influence of wave front errors measurements with varying beam
configurations were performed. After ruling out these two setup-specific sources as
a next step external disturbances were investigated. The effect of magnetic fields
on the atoms was tested by utilizing mixtures of different |𝑚𝐹 ⟩ states as an input
for the interferometer. Another possible reason for a loss of contrast are rotations
introduced on the apparatus due to the release mechanism of the drop tower. An
inertial measurement unit was installed in the capsule to track rotations during the
drop. The measured rotations explained the observed tilt of the interferometry fringes



14 Chapter 3 Bose-Einstein condensates for microgravity

but were more than one order of magnitude too low to result in the experienced
loss of contrast. Even after all the conducted measurement no conclusive result was
obtained to explain the decrease in contrast.

Discussion of results
The achieved results of the AMZI scheme utilized to study the coherence of the BEC
in extended free fall were quite remarkable during that time and opened up a rather
unexplored field. The AMZI has since been used in a variety of experiments to probe
different effects. It has been implemented to measure rotations and accelerations as
a three-axes inertial sensor [95] as well as to probe the space-time curvature over the
extent of the atomic ensemble [96]. Many other groups are working on interferometry
in extended free fall, e.g the microgravity experiment ICE from France and the
long-baseline fountain experiment situated in Stanford, USA.

The ICE experiment is designed as a two-species interferometer working with cold
atoms of Rb and K. The low temperatures are reached by polarization gradient cooling
only. The measurements are performed during several consecutive parabolic flights
inside the Novespace Zero-G airplane [78]. Each parabola provides 22 seconds of
microgravity but the achievable interferometry time is limited to several milliseconds
due to the comparable large residual accelerations of 1 × 10−2 g. This setup realized
a dual-species interferometer with pulse separation times of 2 ms with a contrast
of 4 % [97]. To improve the measurements they have set up a second generation
experiment including an optical dipole trap for evaporative cooling. The new setup
is currently being tested in a miniature active drop tower allowing for around one
second of microgravity time [98].

The apparatus in Stanford is based on a 10 m long baseline which in a fountain
geometry results in a free-fall time of around 2.5 s. The experiment works with the
two isotopes Rb-85 and Rb-87 and has performed interferometry with either cold
thermal clouds or BECs. Additional steps of state preparation and DKC have been
implemented to reach low expansion velocities and long time of flights. They have
shown long interferometry times of up to 2.3 s for inertial measurements [95, 99] and
2.1 s for a test of macroscopic quantum superposition [75]. The setup has also been
used in a differential configuration as a gravity gradiometer [100] and for a test of
the weak equivalence principle at the 10−12 level [40].

Although the achieved interferometry time of the fountain experiment has surpassed
the numbers of QUANTUS-1 it is important to keep the results in perspective: The
Stanford experiment is working since several years and unlike to the drop tower a
continuous operation with thousands of measurements per day is possible. However,
as the fountain experiment is based on a different technology approach it can not
be easily adapted for a space mission. After achieving the interferometry results
QUANTUS-1 stopped with the drop tower experiments because both the maximum
in performance of the setup and in interferometry time possible in the drop mode
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had been reached. The experiment is since working as a ground-based test-bed
developing new techniques, e.g. large momentum transfer [101, 102] or differential
atom interferometry [103], crucial for future atom interferometry space missions.

3.2 QUANTUS-2: High-flux BEC source for atom interferometry
Based on the successful demonstration of the first BEC in microgravity with the
QUANTUS-1 experiment a second generation drop tower experiment was planned
and built. The QUANTUS-2 setup (see fig. 3.2) is even more compact and robust
and fits into a smaller drop tower capsule. With this configuration it can be
operated in the catapult mode of the drop tower enabling up to 9.3 s of microgravity
time. The experimental setup of QUANTUS-2 is based on its predecessor with
a variety of upgrades and additional capabilities: It is designed as a dual-species
atom interferometer utilizing ultra-cold Rb and K atoms. The light for cooling and
manipulation of the atoms is provided by a new generation laser system build on
micro-integrated laser modules [104]. Power supply and control of the experiment
are realized by mainly digital and self-built electronics. The vacuum section is based
on a two-chamber setup optimized for a higher flux. This enables loading the MOT
during the free flight as necessary for the catapult mode. The setup also has an
improved multi-layer atom chip integrated for fast and efficient evaporation. The new
chip furthermore allows for enhanced control of the atoms enabling advanced state
preparation and DKC protocols. Additionally, the vacuum chamber is surrounded
by a double-layer magnetic shield to minimize external disturbances.

With all these implemented advancements it was possible to produce a large BEC of
4 × 105 atoms in just 1.6 seconds [A2], improving on the QUANTUS-1 experiment in
both realized atom number and required preparation time by one order of magnitude.
The experimental sequence to produce a BEC in QUANTUS-2 consists of five steps:
(1) First a beam of cold atoms is generated in the 2D-MOT chamber. The atoms are
directed through a differential pumping stage into the science chamber to load the
3D-MOT directly on the atom chip. The 3D-chip-MOT is set up in a mirror-MOT
configuration using only four cooling beams and the reflective surface of the chip as a
mirror. Typically a MOT with 1 × 109 atoms is loaded in a few hundred milliseconds.
(2) Afterwards, several preparation techniques are applied to efficiently transfer the
atoms into a magnetic trap. These include compressing the MOT and moving it closer
to the atom chip, polarization gradient cooling to reduce the ensemble temperature
to a few µK, and optical pumping to the magnetic susceptible |𝑚𝐹 = 2⟩ state. (3)
After the state preparation 2 × 108 atoms are loaded into the initial Ioffe-Pritchard
type trap (IP-trap) generated by a combination of mesoscopic and microscopic wire
structures on the atom chip. (4) Next, the atoms are smoothly transferred into
another magnetic trap configuration produced by solely microscopic structures. This
trap is much closer to the atom chip and trap frequencies of several kHz can be
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Figure 3.2: High-flux BEC source. Left: photo of the QUANTUS-2 capsule. Right:
CAD model of the vacuum system with the atom chip inside. The 2D-MOT generates
a cold atomic beam to load the 3D-MOT. The atom-chip setup is utilized to trap and
further cool the atoms to degeneracy. With this high-flux setup BECs of 4 × 105 atoms
can be produced in 1.6 s. Adapted from [A2].

realized. The tight trap provides high elastic collision rates of around 500 Hz and
thus an excellent starting point for efficient evaporative cooling. (5) The forced
evaporation is based on several consecutive radio-frequency ramps. A microscopic
structure on the atom chip is used for the radiation and parameters like the duration,
frequency step and amplitude are optimized for each ramp. The trapping potential
can also be altered to adapt the collision rates for an optimal result. The achieved
evaporation efficiency of 𝛾 = 3.34 is close to the calculated maximum and highlights
the performance of the system.

Due to the versatility of the atom chip the cycle time can be adjusted for a given
application: For an experiment interested in a very short preparation time a BEC
of 4 × 104 atoms can be generated in just 850 ms. With a repetition rate of 1 Hz
BECs with 1 × 105 atoms can be produced, which is useful for e.g. mobile atom
interferometers. For QUANTUS-2 the high repetition rate especially helps for the
study of the BEC, as multiple measurements can be taken during one drop. In a
single catapult launch four BECs were produced in a row and their free expansion
was analyzed (fig. 3.3). Due to issues with loose particles floating inside the vacuum
chamber when using the catapult launch, further studies have been carried out in
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Figure 3.3: Time of flight series of a BEC. During one catapult launch four BECs
were produced with the QUANTUS-2 setup. Shown are the corresponding absorption
pictures of the four BECs taken after free time of flights of 25 ms, 50 ms, 75 ms and
100 ms (left to right).

the drop mode. First, the procedure to transport the BEC away from the atom chip
has been optimized to reduce residuals oscillations. For this, advanced protocols, e.g
shortcut to adiabaticity [63, 105] and optimal control theory [106, 107], have been
utilized. In the next drop campaigns, the release and the DKC was analysed and
by the means of theoretical models optimized. With a combination of well timed
quadrupole oscillation modes of the BEC and additional DKC it was possible to
reach expansion velocities corresponding to tens of pK in all three dimensions [108].
The high BEC flux and the ultra-low expansion temperature enable QUANTUS-2 to
utilize the full potential of the drop tower. So far QUANTUS-2 has already shown
time of flights of up to 2.7 seconds with a high signal to noise ratio using the drop
mode which could be extended to free evolution times of up to 8 seconds in the
catapult mode.

Discussion of results
The high BEC flux achieved with the compact and mobile QUANTUS-2 setup marked
an important milestone for atom interferometry both in space and field applications.
A high flux is one key ingredient for the success of space missions performing atom
interferometry or other experiments with ultra-cold atoms. In a sounding rocket
flight only a limited time of microgravity is available. The number of measurements
is therefore directly dependent on the production time of the BEC. For an experiment
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Table 3.1: Comparison of BEC production times. From the number of atoms in
the BEC (𝑁) and the total production time of the BEC (𝑡) a BEC-flux (𝛷) can be
calculated for the different setups based on atom chips, dipole traps, or hybrid traps,
working with alkali or earth-alkaline atoms, and for mobile or lab operation.

experiment 𝑁 𝑡 𝛷 species setup operation
105 s 105/s

QUANTUS-2 [A2] 4 1.6 2.5 87Rb chip mobile
QUANTUS-2 [A2] 1 1 1 87Rb chip mobile
Farkas et al. [109] 0.15 1 0.15 87Rb chip mobile
Condon et al. [98] 0.4 13.5 0.03 87Rb dipole mobile
Clement et al. [110] 1.5 7 0.21 87Rb dipole lab
Kinoshita et al. [111] 3.5 3.3 1.06 87Rb dipole lab
Yamashita et al. [112] 12 6.1 1.97 87Rb dipole lab
Colzi et al. [113] 70 30 2.33 23Na hybrid lab
Roy et al. [114] 1 1.8 0.56 174Yb dipole lab
Stellmer et al. [115] 1 2 0.5 84Sr dipole lab
Stellmer et al. [115] 110 50 2.2 84Sr dipole lab

on an orbital platform, e.g. satellite or space station, not the microgravity time
but the mission duration is the limiting factor. A shorter production time allows
for faster averaging and to tackle leading systematics of the measurement. The
high BEC flux in a compact setup furthermore enables ground based mobile atom
interferometers with a high repetition rate for geodesy applications.

The presented results of QUANTUS-2 were beating the previously fastest BEC
machine operating at a 1 Hz repetition rate [109] by almost one order of magnitude
in the achieved BEC atom number. The setup furthermore produces the largest
condensates of all the experiments aiming at a fast BEC production. Astonishingly,
the high flux of 2.5 × 105 atoms per second is also in the same range as of lab-filling
BEC experiments. These setups usually rely on high power Zeeman slower for fast
MOT loading in addition with high-intensity dipole traps for evaporative cooling
and they produce large BECs of 107 atoms in tens of seconds. For a comparison,
the results of QUANTUS-2 and other BEC setups are listed in table 3.1. While
most of the setups are working with alkali metal atoms, e.g. Rb, K, Na, or Cs, due
to the maturity of both the hardware technology and the atom optical methods
there are some experiments using Sr or Yb atoms as an alternative candidate. These
alkaline earth metal atoms offer more possibilities for cooling and manipulation but
at the same time require setups with higher complexity and power consumption. The
interesting properties of Sr and Yb paired with the recent progress in technology [115–
120] put these as attractive candidates for large atomic fountains [24, 25, 121, 122]
and future space missions [45, 123, 124].
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Table 3.2: Comparison of source requirements. Achieved results of QUANTUS-2
in comparison with requirements for current and future projects. For BEC number
and flux higher values are better, for expansion energy and velocity lower values are
favourable.

project BEC number BEC flux expansion energy expansion velocity
105 105/s pK µm/s

QUANTUS-2 4 2.5 38 50
STE-QUEST 10 1 50 80
CAI 10 10 50 80
BECCAL 10 10 50 80

With the excellent performance of QUANTUS-2, the setup established itself as
a basis for proposals on future ground-based or space-borne atom interferometry
applications. These projects range from the absolute gravity sensor for field appli-
cations QG-1 [125] to a test of the weak equivalence principle within the mission
STE-QUEST [43], the gravity gradiometer CAI for satellite-based geodesy [65], or
the multi-user facility BECCAL [126] for experiments with ultra-cold atoms on the
International Space Station (ISS). The challenging requirements of these projects
on the BEC source in terms of flux and expansion velocity are mostly matched by
the results of QUANTUS-2 (see table 3.2). The required increase in performance
could be achieved by further optimizing the atom-chip design, by improving the
vacuum quality to reduce atom losses, or by utilizing enhanced control and driving
electronics in the setup.

Currently, QUANTUS-2 is performing atom interferometry and will continue the
coherence studies of QUANTUS-1 in the drop tower. With the faster BEC preparation
time and the catapult mode it should be possible to extent the interferometry time
to several seconds. Higher atom number and an improved detection system will
also help to identify the reason for the loss of contrast experienced in QUANTUS-1.
Eventually, QUANTUS-2 will be upgraded with the capabilities for cooling and
manipulating K atoms to a two-species atom interferometer to perform tests of the
weak equivalence principle in extended free fall in the drop tower.





CHAPTER 4
Atom interferometry in space

The promising results achieved with the QUANTUS-2 setup were decisive for the
pursuit of bringing BEC-based atom interferometry into space. After successful
operation in the drop tower, the sounding rocket mission MAIUS-1 was initiated
as the next iteration towards an experiment on a dedicated satellite. During the
parabolic flight the rocket payload reaches an altitude of 243 km and delivers a
high-quality microgravity environment for six minutes. By crossing the Kármán
line at a height of 100 km, a sounding rocket flight is also the first step into outer
space. The main goal of the mission was to show the feasibility to create the first
BEC in space and to demonstrate key atom-optic methods for high-precision atom
interferometry in this microgravity environment.

The sounding rocket environment is quite different to the drop tower and brings
new requirements and challenges along: The six minutes of microgravity are provided
during one single run instead of being scattered on multiple drops spanning over
several weeks or months. The shape and size of the experiment has to be adapted for
aerodynamic reasons to a thinner but longer housing. New concepts for the power
supply, the thermal management, and the data communication are required as the
experiment has to operate independently for an extended time before, during, and
after the flight. Additional implications on the design of the experiment stem from
the increased accelerations, rotations, and vibrations experienced in the course of
the sounding rocket flight, in particular on lift-off, during the spin-stabilized ascent,
while re-entering into the atmosphere, and last but not least due to the impact on
ground.

Based on the heritage of the QUANTUS-2 setup the follow-up BEC experiment
MAIUS-A was designed and built (section 4.1) in accordance with all the requirements
of the sounding rocket flight. To ensure the success of the mission, severe tests were
conducted throughout the process. With a final test of the whole setup in operational
conditions, the scientific payload was qualified for the use on a sounding rocket
mission. Afterwards, the flight campaign (section 4.2) was prepared and conducted
on the launch facility ESRANGE in Sweden during the winter of 2016/17. With the
successful launch on the 23rd January 2017, the first BEC in space was created and
studied for its application for space-borne precision atom interferometry.

21
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This chapter describes the design and qualification of the scientific payload based
on the requirements of a sounding rocket flight, the preparation and conduction of
the MAIUS-1 flight campaign, and the most important experimental results. Further
details and in-depth descriptions about the hardware, the tests and the campaign
can be found in the corresponding dissertations of my colleagues [92, 127–131].

4.1 MAIUS-A: Design and qualification of scientific payload
The two-staged VSB-30 type sounding rocket [132] was selected as the appropriate
launch vehicle for the MAIUS-1 mission because of its well-known and comparably
low vibrational profile [133] given the supported payload size and mass and the
provided microgravity time. The scientific payload MAIUS-A (see fig. 4.1) was
designed to fit this vehicle and to fulfil all the requirements of the sounding rocket
mission. The scientific payload consists of five interconnected modules containing
the individual systems. The modules have a diameter of 0.5 m each and a total
length of 2.8 m. The scientific payload has a resulting volume of 0.55 m3 and a total
weight of 309 kg including the robust hull. Due to the new demands in stability
and thermal management for the hull and supporting structure, it exceeds the size
and mass of the QUANTUS-2 drop tower setup. The experiment draws an average
power of about 300 W during operation. The setup is temperature stabilized by two
individual water cooling systems while operating on ground. During the flight, the
excess heat is stored in the thermal capacity of the aluminium supporting structure.

The experimental setup is based on the heritage of the drop tower experiments
QUANTUS-1 and -2. The vacuum system contains a 2D-MOT for fast loading of the
MOT and an atom-chip setup for the high-flux BEC production. The compact and
robust laser system [56] consists of micro-integrated diode lasers, optical Zerodur
benches [134], and fibre-based components. The electronic system is mostly based
on in-house built electronic boards with digital FPGA (field-programmable gate
array) circuits. A rugged computer with a custom developed software [135] is used
to control the electronics and for communication with the ground control stations.
The power supply of the payload is based on batteries and has advanced monitoring
and switching capabilities.

Vacuum system
The vacuum system (fig. 4.1) is structured into two parts which are mounted on both
sides of a common base plate and connected through a vacuum tube in the centre.
The pumping system on the top side contains the vacuum pumps, an ion getter
and a titanium sublimation pump, for maintaining the ultra-low pressure of below
10−10 mbar, a vacuum sensor for monitoring, and the electronics for data acquisition
and switching. An additional battery allows the system to run independent from the
main setup and thus to maintain the vacuum quality at all times. The bottom side
is surrounded by a three-layer magnetic shield to block the experiment from external
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Figure 4.1: MAIUS-1 setup. From left to right: two-stage VSB-30 type sounding
rocket, scientific payload MAIUS-A, vacuum system, and atom chip. A cold atomic
beam (blue arrow A) loads the 3D-MOT generated by the 4 cooling laser beams (red
arrows C) and the atom chip. Afterwards, the BEC is created in, transported by and
released from the magnetic trap of the atom chip. The two counter-propagating light
beams (BD) are utilized for Bragg diffraction. For detection of the BECs, a CCD
camera images the absorption of the cold atoms using detection light (D). Adapted
from [A4].

magnetic disturbances [136]. Inside the shield the two main vacuum chambers are
situated: a high-pressure (10−7 mbar) source chamber to create the 2D-MOT and
a low-pressure (10−10 mbar) science chamber to collect the atoms in a 3D-MOT, to
produce the BEC, and to perform atom interferometry.

The source chamber has a temperature-stabilized oven containing 1 g of rubidium
in natural abundance attached. The temperature of the oven influences the Rb
background pressure inside the source chamber and is set at around 35 ∘C for optimal
operation. The magnetic coils for the quadrupole field are directly mounted onto the
source chamber for a compact and robust setup. The source chamber is connected to
the science chamber via a differential pumping stage including a graphite inlet. The
science chamber has the three-layer atom chip installed inside. Additionally, three
pairs of coils in Helmholtz configuration are mounted around the chamber. Together,
these can create the trapping potentials for the MOT or the Ioffe-Pritchard trap [137]
as well as homogeneous offset fields necessary for preparation and detection of the
atoms. The atom chip furthermore contains several radio-frequency structures for
evaporative cooling and state preparation.

The optic components to enlarge, collimate, and circular polarize the light coming
via fibres from the laser system are directly attached to the two chambers to ensure
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a stable alignment of the light beams. For the atom interferometry setup two of
such collimators are used to create the counter-propagating light beams. To detect
the atoms two imaging systems based on CCD (charge-coupled device) cameras are
utilized. The absorption and the fluorescence detection system are orthogonal in
respect to each other and to the interferometry axis to enable for an unobstructed
image of the interferometry fringes.

Qualification process
Throughout the design phase and while setting up the experiment, a variety of tests
were performed to ensure that all the requirements imposed by the sounding rocket
mission are matched. At the beginning, these qualification tests involved vibration
tests of single components, e.g. optical collimators, laser modules, or vacuum pumps,
and later on of small subsystems, e.g. the atom-chip setup, an optical Zerodur bench,
or the electronic module of the pumping system. The vibration tests were performed
along the three main axes of the system and each consisted of three steps including
a resonance sweep, a random noise test, and a final resonance sweep. The random
noise tests are executed at different power levels depending on the tested setup: flight
level at 2.0 grms, acceptance level at 5.4 grms, or qualification level at 8.1 grms.

This qualification process helped to select commercial components appropriate for
the use on sounding rockets and to improve the overall design of the system in terms
of robustness and stability. After all the chosen components and the built subsystems
had been successfully qualified the main modules, e.g. electronic system or laser
system, of the setup were constructed and tested for functionality. Afterwards, these
systems had also to undergo vibration tests to check their performance. During these
tests the systems were fully operational and the core parameters of each system
were monitored. For the vacuum system the key parameter is the ultra-low vacuum
pressure. During the vibrations induced by the launch the vacuum pressure is
expected to rise significantly. The pumping system has to reduce the pressure level to
be back below a certain threshold of 5 × 10−10 mbar to enable low losses of the cold
atoms. The tests with the vacuum system have shown that it takes 40 s to reach the
threshold on acceptance level and just 6 s on flight level [A3]. Both results are well
below the limit of 60 s given by the time between the end of high vibrations during
the acceleration phase and the beginning of the measurement phase in microgravity.

Finally, several tests including spinning of the payload to identify and compensate
imbalances and another vibration test had to be performed with the complete scientific
payload. These tests ensured that there are no safety risks and were required to
qualify the payload for the launch on a sounding rocket. They furthermore assured
that the functionality of the experiment is not affected by the conditions during the
flight. To validate the experimental performance a set of representative measurements
were executed before, during, and directly after the random vibration tests. The
apparatus was able to consistently produce BECs of 1 × 105 atoms and to perform
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BEC-based atom interferometry at a pulse separation time of 𝑇 = 2 ms with a
contrast of around 40 % both before and right after the induced vibrations.

4.2 MAIUS-1: Sounding rocket flight campaign
After the successful qualification of the payload for the sounding rocket, all the
required hardware was brought to the launch facility Esrange Space Center [79] located
in northern Sweden for the flight campaign MAIUS-1. This included the scientific
payload MAIUS-A and the other payload modules from DLR-MORABA [138] to
control and to communicate with the rocket as well as all the ground support
equipment. This support equipment comprises the power supplies to operate on
ground and charge the batteries of the payload, chillers for the water cooling system,
several computers functioning as ground stations for monitoring and controlling
both the experiment and the sounding rocket, and plenty of network components
for data communication. The payload and all the ground stations were first set up
in a separate hangar on the facility. Here, the procedure for the countdown was
developed and intensively tested. Once the countdown procedure was established
and the experiment was performing as specified the payload was brought to the
launch tower while the ground stations were set up in a separate blockhouse for safety
reasons. In this configuration the training of the countdown procedure was continued
to establish a routine and to prepare for unexpected events. Furthermore, daily
system and performance checks were conducted with the experiment to ensure an
optimal performance for the flight. The reproducibility of the results demonstrated
the stability of the system.

For a successful flight several conditions besides the experimental performance
had to be fulfilled. External effects, e.g. strong winds or unsteady weather, can
pose safety risks and had to be monitored constantly. To compensate for wind the
launching angle could be tilted to adjust the flight trajectory. The different alignment
of the payload influenced the performance of the experiment due to the changed
orientation in respect to gravity. In a dedicated measurement the influence on the
pointing of the launcher was analysed and thus could be taken into account during
countdown. On the 23rd of January 2017 all the requirements were matched and
the sounding rocket MAIUS-1 was successfully launched into space [A4]. The flight
was nominal and the payload reached an altitude of 243 km providing six minutes of
microgravity (see fig. 4.2). During the flight the alignment and the rotation rate of
the payload was controlled by the onboard attitude and rate control system. The
system first stabilized the payload after the rocket motors finished accelerating and
were disconnected from it. During the drag-free parabolic flight the system was used
twice to reduce any disturbing residual rotations or tilts of the scientific payload.
After re-entry into the atmosphere the parachute opened and the payload landed on
snow-covered ground about 60 km north of the launch facility. After the payload was
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Figure 4.2: Flight schedule of MAIUS-1. The payload was accelerated with up
to 12 g and reached an altitude of 243 km. The parabolic space flight above 100 km
provided 6 minutes of microgravity. During this time a variety of experiments grouped
as measurement blocks were performed. The payload landed on a parachute about
60 km north of the launching facility. Taken from [A4].

brought back to the hangar on the launching facility it was thoroughly inspected for
damages and the experimental data stored onboard was retrieved.

In the six minutes of microgravity a variety of atom optics experiments were
performed [A4]. These measurements were grouped into several blocks each studying
different aspects of BEC-based atom interferometry (see fig. 4.2). At the beginning a
more general function test was conducted to ensure that all the hardware was working
as expected. Afterwards the mostly predefined but still interactive measurement plan
was carried out. Different to the experiments in the drop tower the microgravity time
extends in one single run. This continuous manner leads to less deviations in between
several measurement points or experiment blocks and makes it easier to correlate
the results. As a drawback there is almost no time to evaluate and react to the
experimental data. Typically, in-depth data evaluation leads to incremental changes
in the measurement sequence or of single parameters and thus helps to obtain optimal
results. For the sounding rocket mission a custom decision graph with automatic
image and block evaluation was developed for the control of the experiment. The
graph consisted of numerous predefined measurement blocks arranged in a decision
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tree. Each block included a row of measurements points which were analysed
individually at first. The evaluated result of the measurement block was then used
to choose the next branch in the decision tree. With an additional downlink of
compressed measurement data specific parameters or decisions could be controlled
through a limited uplink from ground.

Space-borne BEC for precision interferometry
The main goal of the mission, the demonstration of the first Bose-Einstein condensate
in space, was already achieved after a few seconds in microgravity during the function
test at the beginning of the measurement plan. The initial performance of the
system was as good as on ground and 105 condensed atoms were produced in about
1.6 seconds [A4]. Although implemented in the decision graph, further optimization,
e.g. increasing the loading time of the MOT or adjusting offset fields of the magnetic
trap, was neglected by the decision graph to utilize more microgravity time to
extensively study the BEC. In particular, first the phase transition of the cold atoms
into the BEC was analysed and following the evolution of the BEC both in the trap
and during free fall was studied.

To study the phase transition into the BEC the final radio frequency of the forced
evaporation was varied. This changes the temperature of the atomic ensemble
and thus the fraction of condensed atoms. Comparing the results to previously
obtained measurements on ground revealed two main differences: The measured
BEC fraction was lower for the same applied radio frequency as on ground. This
shift can be explained with a lowered trap bottom due to changes in the magnetic
fields. Secondly, the atom number both in the thermal and in the condensed part
was significantly higher than on ground. This improvement was probably caused
by a more efficient loading of the atoms into the first magnetic trap due to the
absence of the gravitational sag usually deforming the trapping potential on ground.
Additionally, the low-noise environment during the space flight reduces the loss of
atoms from the trap thus leading to a higher efficiency of the evaporative cooling.
Adjusting key parameters of the experimental sequence to these circumstances could
potentially further increase the overall atom number and the BEC fraction. These
optimizations were omitted on this mission as they usually take longer than all the
available time on this flight. However, a future orbital mission could greatly benefit
from these findings to reach an even higher BEC flux. Here, only the final value
of the radio frequency was adjusted to have a high BEC fraction for the following
measurements during the flight.

One key method for performing precision atom interferometry with this kind of
setup is the transport of the produced BEC further away from the surface of the
atom chip. This is necessary to on the one hand allow the BEC to freely evolve over
several seconds without expanding into the chip surface and on the other hand to
reduce perturbing effects in the interferometry beams due to diffraction on the chip
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Figure 4.3: Excitation of the centre-of-mass motion and oscillations after transport.
Oscillation in position for varying hold time detected after a time of flight of 50 ms
(left). Free expansion of atoms directly released after transport (right). No significant
difference for atoms in |𝑚𝐹 = 2⟩ or |𝑚𝐹 = 0⟩. Sinusoidal and linear fit to data as
dashed line. Simulations including uncertainties as blue line and shaded areas. Adapted
from [A4].

edge. The transport is realized by slowly changing the offset magnetic field which is
displacing the trapping potential. Here, the atoms were moved with a 50 ms long
sigmoidal ramp to a distance of about 1 mm away from the atom-chip surface. After
a certain hold time the atoms were released from the trap and detected after 50 ms
of free expansion. Altering the hold time allowed studying the temporal evolution of
the atoms in the trap (see fig. 4.3). From the varying position of the atoms after the
time of flight the oscillation in the trap coming from the transport can be calculated.
The transport additionally induces complex coupled oscillations of the shape of the
BEC in the trap. Although these shape oscillations are small they become clearly
visible by the long free expansion of 50 ms before detection.

The experimental results were compared to simulated predictions based on a
detailed model of the setup consisting of the atom chip and the magnetic coils. These
simulations included measured or gauged uncertainties of the applied currents and of
the geometric dimensions of the setup. The results of the simulations including the
uncertainties in the current values are represented as the blue line with the shaded
areas in figure 4.3. The measured data is in agreement with the simulations and the
verification of the model was a crucial part for future atom-chip experiments.

Following the transport and the release, a state preparation was implemented
to change the magnetic state of the atoms. During the transport the cold atoms
are still in the magnetic susceptible |𝑚𝐹 = 2⟩ state. Fluctuations in the magnetic
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field would thus lead to large noise contributions in an atom interferometer. With
an adiabatic rapid passage the atoms can be efficiently transferred into different
Zeeman states and in particular into the non-magnetic state |𝑚𝐹 = 0⟩ required for
precision atom interferometry. Here, the atoms were transferred to a mixture of the
|𝑚𝐹 = 0⟩ and the two neighbouring |𝑚𝐹 = ±1⟩ states. With the atoms being in this
configuration it is possible to identify residual magnetic field gradients resulting in a
relative displacement after time of flight. Based on the few conducted measurements
the residual magnetic field gradients seem to be small or even negligible.

Furthermore, the free expansion of the BEC was studied over an extended free-fall
time. For this, the atoms were released from the trap right after the transport and
no extra hold time was added. The size and the position of the atomic cloud were
detected after a time of flight of up to 300 ms (fig. 4.3). The harsh displacement of the
trap during the transport induced a velocity onto the atoms of 8.8 mm/s. Due to the
good control and the intrinsic stability of the atom-chip setup the relative fluctuations
on the release velocity were as low as 1 %. By utilizing advanced methods for the
transport and the release, e.g. based on protocols of shortcut to adiabaticity [63, 105]
or optimal control theory [106, 107], the fluctuations and also the amplitude itself
can be further decreased which will be important for future atom interferometry
experiments.

Ultracold atom interferometry in space
A variety of interference experiments with ultra-cold atoms were already conducted
during the microgravity phase of the MAIUS-1 space flight. In these experiments
both individual and sequences of Bragg light pulses were investigated [A5]. At first,
the coherent population transfer for a single pulse was analysed regarding the Rabi
detuning and the light intensity of the laser beams. Following, sequences of multiple
pulses were utilized to perform a number of coherence experiments with the BECs.
Within these experiments light-pulse interferometry together with phase imprinting
were employed to investigate the spatial coherence of multiple spinor components of
a BEC (fig. 4.4). In the observation of the interference patterns the microgravity
environment was crucial to resolve the spatial coherence of the BECs and it was
possible to measure differential forces acting on the various spinor components.
This scheme could be utilized as a vector magnetometer in three dimensions or to
precisely determine the position of the BEC as required for future satellite missions
aiming to test the equivalence principle [43]. All these interference experiments
performed during the MAIUS-1 flight open up the path towards high-precision atom
interferometry in space.

Discussion of results
As part of the MAIUS-1 sounding rocket mission studies of the BEC phase transition
and of the collective oscillations induced by the transport were conducted. The
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Figure 4.4: Shearing interferometer probing the spatial coherence of the different
spinor components. Left: Interferometry sequence applied after the creation, transport,
and release of the BEC consisting of three Bragg light pulses spaced by a pulse
separation time 𝑇 resulting in an interference pattern in the three output ports
followed by a magnetic field gradient 𝛥𝐵 causing a Stern-Gerlach-type separation of
the three different 𝑚𝐹 -states. Top right: Interference pattern shown in the absorption
image of an exemplary output port and in the corresponding line integral. Bottom right:
Theoretical model based on the 2D-Gross-Pitaevskii equation of the BEC interacting
with the interferometry light fields. Adapted from [A5].

demonstrated stability can be further improved by the implementation of more
advanced transport protocols. This will enable future experiments to utilize the
induced shape oscillations together with DKC to drastically reduce the expansion
energy of the BEC. Reaching these ultra-low energies equivalent to a few picokelvins
will allow for BEC-based precision atom interferometry in space on extended time
scales of many seconds.

The achieved performance of the system in terms of the BEC atom number and
flux are comparable to the results of the predecessor experiment QUANTUS-2 [A2].
This is in accordance to the expectations as the two experimental setups are very
similar in design and specifications. The stability of the transport of the atoms on
the atom chip shown during the flight is in the same range as the one obtained in the
drop tower by QUANTUS-2. This allows adapting protocols for transport, release,
and DKC from one system to the other. Thorough calibration of the hardware
specification and in-depth verification of the atom-chip model are essential for the
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successful implementation of these complex protocols.
On the MAIUS-1 mission the first Bose-Einstein condensation in space was realized.

Around four months before that the Chinese CACES (Cold Atom Clock Experiment
in Space) mission was launched and put into operation in orbit [139]. Here, laser
cooled Rubidium atoms at low temperatures of a few µK are interrogated with
microwave pulses to operate an atomic clock. Deploying these cold-atom clocks
in space is foreseen to have improvements on various applications, e.g. the time
keeping systems on Earth, the global navigation satellite system, or deep space tests
of fundamental physics. The operation of CACES in orbit represents a milestone for
cold-atom sensors in space. The experimental setup nevertheless does not allow to
produce ultra-cold BECs and perform light-pulse atom interferometry.

Driven by the promising results of the QUANTUS collaboration the NASA initiated
the CAL (Cold Atom Lab) project in the year 2012 [140]. The goal of the project
was set to bring an experiment operating with ultra-cold atoms to the International
Space Station. The experimental setup was built by the JPL and was based mainly
on commercially available components to reduce the required time for developing
and manufacturing. The CAL payload was launched and successfully installed on
the ISS in May 2018. After a few months of operation involving trouble-shooting and
experimental optimization the first BEC in orbit was realized in December 2018 [141].
As the experiment was based on a commercial setup the BEC performance of
CAL with a total atom number of 4.9 × 104 and a condensate fraction of 26 % was
slightly lower compared to the presented numbers achieved with the atom-chip setup
employed in QUANTUS and MAIUS. The CAL setup was since used as a multi-user
facility enabling various investigators to perform experiments with ultra-cold atoms
in space [142–144]. Among others, a consortium including parts of the QUANTUS
collaboration conducts transport and expansion studies similar to the ones performed
by QUANTUS-2 and MAIUS-1. In May 2020, CAL performed atom interferometry
with an ultracold BEC of rubidium atoms after the setup received an on-orbit upgrade
of a new science module with atom interferometry capabilities [145].

Besides the here presented experiments the MAIUS-1 campaign led to additional
important results: The MAIUS-A payload proved to be very stable and robust and
was able to operate at a state-of-the-art performance in various different environments.
With this setup it was possible to operate MOT experiments during the launch
despite the large vibrations, accelerations, and rotations acting on the apparatus [131].
Here, the efficiency of first releasing the atoms from the MOT and then recapturing
them after a certain time was analysed. The results are of wide interest as this
approach could be implemented for high repetition rate atom interferometry in
dynamic environments.





CHAPTER 5
Conclusion

In this thesis the important milestones of the QUANTUS collaboration to bring BEC-
based atom interferometry from ground to space are presented. The QUANTUS-1
apparatus initiated the field of ultra-cold atoms in microgravity with the realization of
the first BEC in free fall in the drop tower. The implementation of the DKC technique
allowed studying the BEC of ten thousands of atoms for free expansion times of
up to two seconds. Together the low expansion velocity and the high coherence of
the BEC enabled performing Bragg-diffraction interferometry over extended free-fall
times of 0.7 s. In the applied asymmetric Mach-Zehnder type interferometer both the
spatial coherence and the contrast can be evaluated in a single shot measurement.
For the follow-up drop tower experiment QUANTUS-2, an improved atom-chip setup
was developed to realize a high-flux source for precision atom interferometry. The
apparatus produced BECs of 4 × 105 atoms in 1.6 s resulting in the highest flux
achieved for mobile BEC setups. The high flux of 105 atoms/s allowed QUANTUS-2
to extensively study the evolution of the BEC during free fall in the drop tower. The
good performance in combination with the high reproducibility of the atom-chip
setup enabled the implementation of advanced protocols for the transport and the
release of the atoms as well as for the DKC. The protocols were developed and
further optimized by theory simulations based on a comprehensive atom-chip model.
With the excellent control of the BEC on the atom chip, a stability in position on
the micrometer level and expansion velocities corresponding to tens of picokelvins
were reached.

Driven by the success of the two drop tower experiments the scientific payload
MAIUS-A was designed to operate on a sounding rocket mission and to realize the
first BEC in space. The system was based on the atom-chip setup of QUANTUS-2
but required an improved level of all hardware components for the new challenging
environment. Rigorous qualification and verification of the setup were carried out
to guarantee the operation in the harsh environment of a sounding rocket flight.
In the end, the system was able to produce BECs of 105 atoms in 1.6 s and to
perform atom interferometry experiments using Bragg-diffraction light pulses. The
implementation of a decision-tree-based sequence graph enabled the system to operate
autonomously including the optimization of key parameters for evaporation or Bragg
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diffraction. The high BEC flux, together with the sequence graph, allowed performing
numerous measurements during the six-minute-long space flight of MAIUS-1. The
phase transition into the BEC was analysed and the BECs were studied as a source
for high-precision atom interferometry. Furthermore, a variety of experiments on
Bragg-diffraction investigating the coherence of the BEC were conducted. The
successful sounding rocket mission MAIUS-1 represents an important milestone for
high-precision atom interferometry with BECs in space.

Outlook
The results presented in this manuscript, achieved with the drop tower experiments
and on the sounding rocket mission, are the basis for various proposals on future
atom interferometry experiments in space. The experience and knowledge gathered
during the MAIUS-1 campaign will be especially helpful for the follow-on sounding
rocket missions MAIUS-2 and MAIUS-3 [146]. The goal of these two campaigns is
the development of the hardware technology and the demonstration of the atom
optics methods for two-species differential atom interferometry. The new scientific
payload MAIUS-B for these two flights will be capable of producing BECs of Rb-87
and K-41 and to perform dual-species atom interferometry. The new payload will be
substantially upgraded to still fit the more advanced experiment on the same type of
sounding rocket as the predecessor. For this, a new generation laser system capable
of cooling and manipulating both species will be implemented. The electronic system
will be further improved based on the lessons learned from the MAIUS-1 mission.
The power supply concept will be optimized for the sounding rocket flight. Additional
hardware components will be implemented for the simultaneous manipulation of the
two species. These include a microwave antenna for the sympathetic evaporative
cooling, a strong magnetic coil to be able to tune the interspecies scattering properties,
and an optical dipole trap to study the mixture of the two species.

So far, most of the hardware was already built, assembled, and tested. In the lab,
the MAIUS-B atom-chip setup is producing BECs with 3.5 × 105 Rb and 7 × 104

K atoms [147]. Next, all the necessary steps to perform Raman double-diffraction
interferometry [148] will be implemented. This interferometry scheme is well suited
for BEC-based dual-species measurements and has already been studied by the
QUANTUS-1 experiment on ground. Once the interferometer is in operation and all
the modules are finished, the system will be integrated in the hull structure for the
sounding rocket flight. After a qualification of the complete payload it will be send
to Esrange Space Center in Sweden for launch preparation. On the two campaigns
MAIUS-2 and -3 the key methods for two-species differential atom interferometry
will be demonstrated which will pave the way for future tests of the weak equivalence
principle in space.

Both the drop tower experiments and the sounding rocket flights are excellent test-
beds for future space missions operating BEC-based atom interferometers in orbit.
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With the recently built active drop tower Einstein-Elevator [77], a new facility will be
available for experiments on ultra-cold atoms in microgravity. The elevator provides
a microgravity time of four seconds and allows for up to 300 launches per day. The
flight capsule has inner dimensions of ∅1.7 m × 2 m and the tower supports payloads
of up to 1000 kg. These generous specifications enable the easy implementation of
various setups and especially of the MAIUS payloads. In particular, one proposal
plans to utilize the MAIUS-A setup in the drop tower to conduct searches of dark
matter and dark energy [149]. To this end, a specially designed interferometry
chamber would be attached to the science chamber to maximize the sensitivity of
the measurement. For the MAIUS-B experiment, the Einstein-Elevator can be very
helpful for the success of the sounding rocket mission. It can be utilized beforehand to
test and optimize the sequences and parameters for the flight and afterwards to verify
some of the results or for potential failure investigation. The Einstein-Elevator will
also be of great interest to test and optimize payloads for future missions continuously
performing experiments in space.

One of these space missions will be the NASA-DLR collaboration BECCAL (Bose-
Einstein Condensate and Cold Atom Laboratory) operating on the ISS [126]. The
apparatus is planned to replace the CAL experiment and will also serve as a multi-
user facility for experiments with ultra-cold atoms in the microgravity environment
onboard the ISS. The BECCAL payload will be based on the MAIUS-B setup and
will have the capabilities for cooling and manipulating the bosonic isotopes Rb-85,
Rb-87, K-39, and K-41 as well as the fermionic K-40. The setup will include various
additional components for preparation, trapping, and manipulation of the ultra-cold
atoms. The excellent performing atom-chip setup in combination with all the new
features will enable experiments on atom interferometry, coherent atom optics, scalar
and spinor BECs or quantum gas mixtures, strongly interacting gases and molecules,
and quantum information. The project is currently at the end of the design phase
after which the construction and assembly of the apparatus will start. The launch
into orbit is anticipated for the year 2024 and the payload is designed to operate
for a mission duration of three years. With the ground-breaking experiments that
can be performed with the BECCAL apparatus it will also serve as a pathfinder for
proposals on dedicated satellite missions.

Two of such future satellite missions are already in the planning phase. The first
one is the STE–QUEST mission aiming to perform a quantum test of the weak
equivalence principle in space [43]. For this a dual-species interferometer operating
with Rb-87 and K-41 analogue to the MAIUS-B experiment will be set up as a
satellite payload. The second one, CAI, is a space gravity gradiometer based on cold-
atom interferometry to map the Earth’s gravitational field [65]. The instrument is
based on the QUANTUS atom-chip setup with an additional separate interferometry
chamber. The setup enables high-sensitivity measurements of gravity gradients by
using multiple atom interferometers in a differential configuration. The presented
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results of this thesis have set the basis for these two as well as other future proposals
and the steady progress of the current projects will further increase the chances for the
successful realization of these ambitious missions aiming at performing high-precision
atom interferometry in space.
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