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uantum sensors based on coherent
matter-waves have numerous applica-
tions in fundamental physics measurements,
gravimetry and gradiometry, as well as in-
ertial sensing. The wave nature of ultra-
cold atomic ensembles gets exploited to per-
form light-pulse atom interferometry, mea-
suring small accelerations with high preci-
sion. Extending the free fall duration al-
lows for boosting the performance of the
sensor. However, repulsive inter-particle in-
teractions affect the expansion of the atomic
ensemble. Different techniques for lower-
ing the ensembles expansion velocity have
been developed and tested in various labo-
ratory and free fall environments. They pro-
vide the basis for the development of future
atomic sources, sensors and tests of funda-
mental physics with unprecedented sensitiv-
ities.

1 INTRODUCTION

Ultra-cold atomic ensembles provide an
excellent input state for quantum sensors.
The wave nature of massive particles gets
exploited to enable interferometric mea-
surements, using the atomic ensemble as
a probe. The sensitivity of such sensors
increases with the square of the duration
of the ensembles free evolution for mea-
suring accelerations [3]. Time scales on the
order of tens of seconds [4—6] are e.g. antic-
ipated for more stringent quantum tests of
the equivalence principle [7-10] and grav-
itational wave detection [11-15]. Atom
interferometry also enables the determi-
nation of fundamental quantities, like e. g.
the gravitational constant [16, 17] and the
fine-structure constant [18, 19]. In addi-
tion, ultra-cold atomic ensembles can be
used for a variety of measurements, rang-
ing from probing quantum theory [20—22]
to the analysis of light field wave-front dis-
tortions to estimate their potential bias on
atom interferometric measurements [23].
Repulsive inter-particle interactions
lead to an accelerated expansion of the
atomic ensemble, reducing the signal-to-

noise ratio during detection. This lim-
its the duration of the free evolution of
the ensemble and hence, the sensitivity
of the quantum sensor. Aside from that,
the expansion rate of the ensemble leads
to contrast lost via dephasing, affects the
efficiency of large-momentum beam split-
ters, proposed for high-precision atom in-
terferometric measurements, and induces
biases in the sensor [8, 11, 24—26]. Dif-
ferent techniques are used to reduce the
internal kinetic energy of an ultra-cold
atomic ensemble. Temperatures of 500 pK
and 350 pK were achieved by evapora-
tive [27] and spin gradient cooling [28]
respectively. Matter-wave lenses based on
electrostatic [29], optical [30] or magnetic
forces [31—33] led to internal kinetic en-
ergies of as low as 50 pK in two dimen-
sions [34]. Combining a magnetic lens and
a collective-mode excitation to a matter-
wave lens-system permitted to reduce the
internal kinetic energy in all three dimen-
sion and reach the so far lowest energy of
38pK [1].

To unfold their full potential for high-
precision measurements, these ultra-cold,
slowly expanding quantum gases require
either large apparatuses where they can
fall freely inside a long vacuum cham-
ber, like atomic fountains [34, 35], or
a microgravity environment as can be
found in drop towers [36—38], parabolic
flights [39, 40], sounding rockets [41, 42],
and space [43, 44]. Technologies and meth-
ods that open up previously unattainable
parameter areas are developed, validated
and tested in such environments. This
opens up a previously unattainable pa-
rameter space for new and more stringent
tests and will advance quantum technol-
ogy and quantum sensing.

2 MATTER-WAVE COLLIMATION

Using a matter-wave lens system, the so
far lowest expansion rate of an atomic
ensemble along the principal axes of



Figure 1

Absorption images of an expanding atomic ensemble without and with matter-wave lensing. After
an initial expansion of 80 ms, a magnetic lens is employed, significantly reducing its expansion. The
non-lensed, free-expanding ensemble after 160 ms is of a comparable size and particle density as the
delta-kick collimated one after 2080 ms (based on exp. data evaluated in [1]. Credit: Christian Deppner,

license: CC-BY 4.0 [2]).

oy = {77,47,53} nm/s, corresponding to
a total internal kinetic energy of 38 pK,
was achieved [1]. A Bose-Einstein con-
densate (BEC) consisting of 100000 8Rb
atoms was created using the high-flux BEC
source detailed in [38]. Inside the final
magnetic trap with a cylindrical shape,
a collective-mode oscillation of the BEC
was excited, leading to an anti-phase os-
cillation along the longitudinal and radial
direction. By releasing the BEC at a turn-
ing point of this shape oscillation along
the longitudinal direction, it mainly ex-
pands in the radial directions. During an
initial free expansion of 80 ms, the BECs
repulsive interaction energy converts into
a total internal kinetic energy of 2nK. A
cylindrical magnetic lens potential, used
for delta-kick collimation [32], reduces the
BECs expansion along the radial direction
to a total three-dimensional internal ki-
netic energy of 38 pK. The BEC collimated
in this way was then detected after up to
2080 ms, as shown in Fig. 1.

The minimal achievable internal ki-
netic energy is limited by the residual re-
pulsive interaction inside the BEC after

the magnetic lens and amounts here to
26 pK for an ensemble comprising 100 000
atoms. An even better collimation could
be achieved if a longer initial free expan-
sion is used, since this would reduce the
residual repulsive interaction energy. In
fact, for ensembles containing one mil-
lion or more atoms, as proposed for high-
precision atom interferometers [10, 12], a
longer initial expansion is crucial since
the BECs residual repulsive interaction is
much larger.

3 LONG FREE FALL TIMES

The atomic ensemble detailed in [1] pro-
vides an excellent input state for long-
duration free-fall experiments. Simula-
tions suggest that the freely expanding
BEC would be observable for up to 2.25s,
until it becomes too dilute to be detectable
via absorption imaging [45]. Using the
matter-wave lens system consisting of
collective-mode excitations and a mag-
netic lens, this time could be extended
up to 17s. However, the magnetic lens
used in these experiments has an anhar-



monic shape, leading to a deformation of
the BECs density distribution, as can be
seen in Fig 1. This deformation worsens
with the BECs size at the time of the lens.
BECs with significantly more than 100 0oo
atoms require a longer initial expansion
for the residual repulsive interaction to de-
crease. Engineering a more harmonic lens
potential would reduce the deformation
and hence enable the production of slower
expanding BECs with larger particle num-
bers.

Possible facilities for performing such
measurements are drop towers, like the
Gravi-Tower at ZARM in Bremen [46]
and the Einstein-Elevator at HITec in
Hannover [37, 47], or space based plat-
forms [48], like the Cold Atom Lab
(CAL) [43] and the proposed Bose-Einstein
condensate and cold atom laboratory
(BECCAL) [44] aboard the international
space station (ISS).

4 ATOM INTERFEROMETRY WITH EXTENDED
FREE-FALL TIMES

With atom interferometry, small acceler-
ations can be measured to a high preci-
sion [49]. A typical geometry is the three-
pulse Mach-Zehnder interferometer [3] in
which the phase shift scales quadratically
with the pulse separation time, motivating
space-borne platforms to enable extended
free fall times. Such measurements are en-
visioned by space missions like the space-
time explorer and quantum equivalence
principle space test (STE-QUEST), aiming
for unprecedented tests of the universality
of free fall using a differential atom in-
terferometer [7-10, 50]. Offering absolute
and drift-free measurements, atom inter-
ferometry provides a new tool for earth
observation [51, 52]. Being sensitive to low
frequencies, it is moreover proposed for
gravitational wave detection [12-14, 53].
Typically, free-falling atom interferome-
try on ground is performed on time scales
of a few tens to hundreds of millisec-

onds [49, 54, 55]. In a large fountain,
an atom interferometer with a total dura-
tion of 2.3 s was demonstrated [56], while
proposals for future quantum sensors in
space envision tens or even hundreds of
seconds of free-fall time [7-10, 12, 13, 50—
52]. Matter-wave lens systems using delta-
kick collimation, are the key to enable the
observability of an atomic ensemble after
such long free-fall times [1].

5 FUNDAMENTAL PHYSICS

Ultra-slow expanding atomic ensembles
are also used for tests of fundamental
physics. Fundamental decoherence pro-
cesses may lead to a collapse of the wave
function after long free-fall times [21].
This was investigated for observed heating
rates in atomic ensembles and contrast of
atom interferometers in earth-bound lab-
oratories, establishing lower bounds on
these models for decoherence [21, 57]. Ex-
tended free-fall times provided on space-
borne platforms open a new parameter
range to explore. Delta-kick collimated
BECs are also of interest in investigat-
ing proposed nonlinear extensions to the
Schrodinger equation, e.g. a logarithmic
nonlinearity [22].

6 CONCLUSION

Ultra-slow expanding BECs with a large
number of particles provide a well-defined
input state for precision measurements in
light-pulse atom interferometry. Possible
applications range from gravity measure-
ments, inertial sensing, the determination
of fundamental constants to fundamental
physics. At the same time, they offer the
possibility to study decoherence effects
and may as a macroscopic quantum sys-
tem be of interest for testing fundamental
quantum theory.

Exploiting the full potential of ultra-
slow expanding BECs will require an ex-
tended free-fall environment as provided



in drop towers, parabola flights or sound-
ing rockets, a space station and dedicated
satellites.
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