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Owing to the low-gravity conditions in space, space-borne 
laboratories enable experiments with extended free-fall times. 
Because Bose–Einstein condensates have an extremely low expansion 
energy, space-borne atom interferometers based on Bose–Einstein 
condensation have the potential to have much greater sensitivity to 
inertial forces than do similar ground-based interferometers. On 
23 January 2017, as part of the sounding-rocket mission MAIUS-
1, we created Bose–Einstein condensates in space and conducted 
110 experiments central to matter-wave interferometry, including 
laser cooling and trapping of atoms in the presence of the large 
accelerations experienced during launch. Here we report on 
experiments conducted during the six minutes of in-space flight 
in which we studied the phase transition from a thermal ensemble 
to a Bose–Einstein condensate and the collective dynamics of the 
resulting condensate. Our results provide insights into conducting 
cold-atom experiments in space, such as precision interferometry, 
and pave the way to miniaturizing cold-atom and photon-based 
quantum information concepts for satellite-based implementation. 
In addition, space-borne Bose–Einstein condensation opens up the 
possibility of quantum gas experiments in low-gravity conditions1,2.

Studies of quantum systems such as matter-waves in the presence of 
a gravitational field3 can help to improve our understanding of general 
relativity4 and quantum mechanics. Because the sensitivity of measur-
ing inertial forces with matter-wave interferometers is proportional 
to the square of the time that the atoms spend in the interferometer5, 
an extended free-fall of atoms in the interferometer results in a large 
enhancement in sensitivity1,6. In this context, slowly spreading ensem-
bles with pico- or femtokelvin-scale expansion energies, obtained by 
Bose–Einstein condensation7,8 in combination with ‘delta-kick’ col-
limation9–11, remain in the interferometer for longer and are there-
fore essential for interferometry over timescales of the order of tens of 
seconds. The associated large coherence lengths of the ensemble are 
needed to combine precision with accuracy1.

Generating and manipulating Bose–Einstein condensates (BECs) 
with low expansion energies is difficult because they can easily be 
compromised by experimental imperfections, very small forces and 
gravity. By creating a BEC on board a sounding rocket, we successfully 
demonstrated key atom-optics methods under microgravity conditions. 
Our experimental apparatus12–14 (Fig. 1) is equipped with a multilayer 
atom chip15–17. Its in-flight performance compares well with ground-
based demonstrations, producing about 105 atoms in 1.6 s. This flux 

made it possible to perform a large number of experiments during the 
space flight, exemplified here by images of a space-based BEC (Fig. 1e) 
and of Bragg scattering of a BEC (Fig. 1f). The latter shows the spatial 
density profile of the BEC and its replica, which was generated by Bragg 
scattering at a light crystal and moves with a relative velocity that corre-
sponds to the transfer of two photon recoils. In Fig. 1f we compare the 
size of the BEC in terms of the Thomas–Fermi radius and its separation 
from its replica 70 ms after the Bragg scattering event, which occurred 
15.6 ms after the release of the BEC from the atom chip. The expan-
sion velocity of the BEC is nine times smaller than the velocity that is 
transferred during Bragg scattering. The stripe pattern results from an 
intensity modulation of the light fields that induce the Bragg scattering.

In Fig. 2 we summarize the experiments of the MAIUS-1 mission 
that were performed in space and during the launch of the rocket. These 
experiments build on those of the QUANTUS collaboration18,19, and 
complement those on dual-species interferometry20 and those that 
involve clocks based on laser-cooled atoms21. They are also instru-
mental for NASA’s Cold Atom Laboratory2 (CAL) on the International 
Space Station (ISS) and for the NASA-DLR Bose–Einstein Condensate 
and Cold Atom Laboratory (BECCAL) multi-user facility, which is cur-
rently in the planning phase22.

Here we report on BEC experiments with rubidium-87 atoms in 
space. We studied the phase transition from a thermal ensemble to a 
BEC by adjusting the temperature via forced radio-frequency evapora-
tion of thermal atoms out of the atom-chip magnetic trap. In Fig. 3a we 
show the spatial atomic density of the thermal ensemble and the BEC at 
three different final radio frequencies of the forced evaporation (at the 
final cooling step). During the phase transition, with decreasing tem-
perature the number of atoms in the thermal ensemble (extracted using 
a Gaussian fit, red curve in Fig. 3a) decreases markedly whereas that 
in the BEC increases (parabolic fit, blue curve in Fig. 3a). In Fig. 3b, c  
we compare the formation of BECs in space and on the ground; we 
also plot the fraction of atoms in the BEC with respect to the total 
atom number.

The comparison reveals that, for the same final radio frequency, the 
observed ratio of thermal and condensed atoms (and hence the fraction 
of the total number of atoms in the BEC) was lower in space than on 
the ground. We suspect that this difference is due to a change in the 
magnetic field in space with respect to that on the ground, resulting 
from, for example, a thermal drift in the current supply. In addition, 
the numbers of atoms in the thermal ensemble and in the BEC in space 
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are 64% higher than those obtained on the ground. This improvement 
in the BEC flux is most probably due to more efficient loading into 
the magnetic trap in the absence of gravitational sag. To optimize the 
BEC flux even further, the circuitry of the multilayer atom chip offers 
various trap configurations, with variable volume and depth. However, 

experiments of this kind require more time than was available during 
our flight.

Because transporting and shaping BECs to create compact wavepack-
ets are key to interferometry, we investigated the evolution of the BEC 
in free fall after release and the transport of BECs on the atom chip away 
from the surface of the chip via its impact on the BEC motion in free 
fall. In space, and therefore in the absence of gravitational sag, we can 
compare the predictions of a theoretical simulation directly with the 
observations. The BECs were moved across a distance of 0.8 mm from 
the surface of the chip. For this purpose, the homogeneous magnetic 
field, which in combination with the atom chip determines the location 
of the Ioffe–Pritchard trap, was lowered smoothly over 50 ms with a 
sigmoidal time dependence.

In particular, we studied oscillations in the centre-of-mass position 
of a BEC excited by its transport on the atom chip. For this purpose, 
the BEC was kept trapped for variable hold times of up to 25 ms before 
it was released. In Fig. 4a we show the positions with respect to the 
surface of the chip of BECs detected 50 ms after release as a function 
of hold time; these positions reflect the varying initial velocities of the 
BECs due to their centre-of-mass oscillation. Using these data, we can 
reconstruct the motion of the BEC in the trap. Of a total of ten meas-
urements, five tested the repeatability of the preparation for zero hold 
time (Fig. 4a, green circles) and five probed the oscillatory behaviour 
(black circles) for increasing hold time; the latter illustrate the sinusoi-
dal dependence of the distance of the centre-of-mass of the BEC from 
the chip on hold time, over various trials, consistent with the fitted 
sinusoidal behaviour (dashed purple line) of a trapped quantum gas.

In addition, we investigated the motion of the BEC for times of up 
to 300 ms after release after zero hold time. We include the data from 
Fig. 4a for 50 ms after release (green circles) also in Fig. 4b. According 
to Fig. 4a, the velocity of the BEC associated with the oscillation is 
maximum for zero hold time. This velocity adds to that due to transport 
away from the chip; hence, the total velocity of the BEC after release 
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Fig. 1 | Set-up for space-borne Bose–Einstein condensation.  
a–d, The rocket (a) carried the payload (b), including the vacuum 
system (c) that houses the atom chip (d), into space. On the atom chip, a 
magneto-optical trap formed by laser beams (C) is first loaded from the 
cold atomic beam (A). Afterwards, the BEC is created in, transported by 
and released from the magnetic trap of the atom chip. Two additional 
light beams (BD) induce Bragg diffraction, and a charge-coupled device 
(CCD) camera records the absorption image of the BEC using laser 
light (D). e, Grey-scale absorption image of the spatial density of the 

BEC in space (top; white corresponds to the highest densities) and its 
one-dimensional density profile (bottom; integrated from the top to the 
bottom of the image), which were sent to ground control in low resolution. 
f, Our demonstration of Bragg scattering, apparent in the momentum 
distribution of the BEC, opens up a path towards atom interferometry in 
space. The image contrasts the size of the BECs in the spatial superposition 
that we created with their relative separation 70 ms after the transfer of two 
photon recoils onto the replica, which moves to the right. The colour scale 
shows the spatial density of the clouds (blue, low; red, high).
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Fig. 2 | Schedule for the MAIUS-1 sounding-rocket mission. During 
the boost phase (bottom left) and the 6 min of space flight (blue-shaded 
region), 110 atom-optics experiments were performed. Those discussed 
here are printed in red. In space (above the Kármán line, 100 km above the 
ground), inertial perturbations are reduced to a few parts per million of 
gravity, the pointing of the length axis is stabilized with respect to gravity 
(indicated by the red arrows) and the spin of the rocket is suppressed to 
about 5 mrad s−1 owing to rate control. During re-entry, the peak forces on 
the payload (a) exceed the gravitational force on the ground (g) by a factor 
of up to 17.

3 9 2  |  N A T U RE   |  V O L  5 6 2  |  1 8  O C T O B ER   2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.



Letter RESEARCH

was as large as 8.8 mm s−1, as inferred from a linear fit (dashed purple 
line in Fig. 4b). Moreover, after release, we transferred the atoms by 
adiabatic rapid passage into a mixture of the Zeeman states so that 
we could detect possible residual fields. Despite the strong effect of 
preparation and transport on the motion of the BEC, the trajectories 
demonstrate only a small scatter in the experimental data for different 
Zeeman states of the F = 2 manifold (Fig. 4b; triangles, mF = 0; circles, 
mF = 2; mF is the magnetic angular momentum quantum number;  
F is the hyperfine splitting quantum number) and set an upper bound 
of 1% for the corresponding relative fluctuation in the initial velocity 
that is possibly caused by the various manipulations of the atom chip. 
In addition to minimizing the amplitude of the centre-of-mass oscilla-
tions, phase stability of these oscillations is required for quantum tests 
such as those proposed for the STE-QUEST satellite mission1.

We compare our measurements to a theoretical model23 of the 
dynamics of the BEC after creation, including its oscillation in the trap, 
release and evolution until detection. This model includes the cur-
rent-carrying wire structures of the experimental set-up and solves the 
Gross–Pitaevskii equation in the Thomas–Fermi regime24. Our exper-
imental results shown in Fig. 4a, b agree well with our simulation (solid 
blue lines), differing only by a slight underestimate of the oscillation 
amplitude and a corresponding small velocity offset. This difference 
may result from the model for shutting off the release trap as we have 
limited knowledge of the magnetic field dynamics during the switch-
off. Most other potential reasons are excluded by the simulation, which 
allows us to check for the influence on the BEC dynamics of the cir-
cuitry of the atom chip, of the Helmholtz coils and of uncertainties in 
the current values (shaded areas in Fig. 4).

The motion on the atom chip causes complicated oscillations in the 
shape of the BEC25 (Fig. 4c); this finding again demonstrates the impor-
tance of phase-stable manipulations. Our theoretical simulations show 
that the observed variations in the size of the BEC as defined by the 
Thomas–Fermi radii originate from oscillations in the shape of the BEC 
rather than from experimental noise, as confirmed by the low phase 
scatter at release (Fig. 4d), with relative fluctuations of only about 2%. 
Although the density of the BEC reduces by one order of magnitude 
during transport, the remaining mean-field energy still causes the BEC 

to expand by up to about 1 mm in diameter after 300 ms (Fig. 4d), in 
agreement with our theoretical prediction (solid blue and red lines). 
The thermal background of the released atoms has a temperature of 
approximately 100 nK and the residual expansion of the BEC corre-
sponds to a kinetic energy equivalent to a few nanokelvin, as expected 
from the decompression during transport. Further reduction of the 
expansion energies requires additional measures, such as delta-kick 
collimation, which could not be studied during the short rocket flight.

The phase stability of the centre-of-mass motion and of the collective 
size oscillations of the BEC is necessary to reproducibly release the 
atoms into free fall with vanishing velocity and to lower the expan-
sion to the required level. To minimize the release velocity, we propose 
transport protocols that largely suppress the amplitude of the sinusoi-
dal oscillations, bringing into reach BECs with release velocities below 
micrometres per second. Low expansion rates in all three dimensions, 
corresponding to kinetic energies of a few tens of picokelvin, are pos-
sible with atom chips by combining delta-kick collimation with excita-
tion of a quadrupole shape oscillation23. The latter compensates for 
the asymmetric trap of the atom chip favouring the implementation 
of cylindrical lenses.

In conclusion, we used a payload on board a sounding rocket to 
create BECs in space. Although many experiments were performed 
during this space flight, here we focus on studies of the phase transition 
of the thermal ensemble to a BEC and the collective oscillations of the 
centre-of-mass and size of the BEC in the trap induced by the transport 
of the BEC away from the atom chip. The reproducibility that we have 
demonstrated allows the implementation of more sophisticated trans-
port protocols (such as shortcut-to-adiabaticity protocols23 or optimal 
control protocols), and enables shape oscillations to be used jointly 
with delta-kick collimation to reduce and shape the expansion of BECs, 
to extend the time that they spend in the interferometer. Our experi-
ments demonstrate the atom-optics tools that are required for satellite 
gravimetry26, for quantum tests of the equivalence principle27 and for 
gravitational-wave detection based on matter-wave interferometry in 
space28. Moreover, they pave the way to miniaturizing cold-atom and 
photon-based quantum information concepts, and to integrating these 
concepts into quantum-communication satellites29–33.
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Fig. 3 | Phase transition to the BEC in space and on the ground, 
controlled by the final radio frequency of the forced evaporation.  
a, Spatial atomic density (colour scale) and corresponding line integrals 
(solid grey lines), as well as Gaussian (red lines) and parabolic (blue 
lines) fits of the line integrals of the thermal and condensed atoms, 
respectively, and their sum (violet lines), for cases in space where 8% (i), 
20% (ii) and 41% (iii) of the atoms are in the BEC state. b, c, The number 
of magnetically trapped atoms in the thermal ensemble (red squares, 

left axis) is higher in space (b) than on the ground (c), resulting in more 
atoms in the BEC (blue triangles, left axis) in space; for a comparable BEC 
fraction, there are 64% more atoms in the BEC in space than in the BEC on 
the ground. The dependence of the fraction of the total number of atoms 
in the BEC (that is, the number of atoms in the BEC divided by the sum 
of the numbers of atoms in the BEC and in the thermal ensemble; black 
circles, right axis) on the radio frequency is also different in space and on 
the ground. In b, cases (i)–(iii) from a are indicated for reference.
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Methods
Detection and analysis of absorption images. BECs were detected using an 
absorption-detection system that uses the F = 2 → F′ = 3 transition of rubidium-87 
atoms. A collimated detection beam enters the vacuum chamber via a window 
from one side, excites the atoms, and leaves the chamber at the opposite side. With 
two lenses and one mirror, the beam is directed onto the sensor of a CCD camera 
(pco.1400). During each sequence, one image including the shadow of the atoms 
and a later one without the shadow is recorded. Both are corrected with a dark 
image in the absence of the detection beam. The atomic column density is calcu-
lated from the optical density in MATLAB according to ref. 34. Using a bimodal fit, 
consisting of a Thomas–Fermi and a Gaussian distribution, the number of atoms 
in the ensemble and its size and position are calculated.
Simulation. The theory curves in Fig. 4 are generated using a Gross–Pitaevskii 
equation solver, in the Thomas–Fermi regime, as described elsewhere3. The trapping  

frequencies are extracted from a detailed atom-chip simulation package, as used 
previously19. The chip structure is comparable to that obtained in ref. 19 and 
involves two z currents on two layers of the chip (base chip and science chip) 
and two currents through coils. Possible lack of knowledge of these currents 
is the origin of the shaded areas in Fig. 4. We scan these currents (from larger 
to smaller values) over the following intervals: x coil, [−0.02, −0.01] A; y coil, 
[−1.605, −1.595] A; base chip, [4.95, 5] A; science chip, [1.98, 2] A.

Data availability
Source Data for Figs. 3b, c and 4 are available with the online version of the paper.
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