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Bose-Einstein Condensation
in Microgravity
T. van Zoest,1 N. Gaaloul,1 Y. Singh,1 H. Ahlers,1 W. Herr,1 S. T. Seidel,1 W. Ertmer,1 E. Rasel,1*
M. Eckart,2 E. Kajari,2 S. Arnold,2 G. Nandi,2 W. P. Schleich,2 R. Walser,3 A. Vogel,4
K. Sengstock,4 K. Bongs,5 W. Lewoczko-Adamczyk,6 M. Schiemangk,6 T. Schuldt,6 A. Peters,6
T. Könemann,7 H. Müntinga,7 C. Lämmerzahl,7 H. Dittus,7 T. Steinmetz,8
T. W. Hänsch,8 J. Reichel9
Albert Einstein’s insight that it is impossible to distinguish a local experiment in a “freely falling
elevator” from one in free space led to the development of the theory of general relativity. The
wave nature of matter manifests itself in a striking way in Bose-Einstein condensates, where
millions of atoms lose their identity and can be described by a single macroscopic wave function.
We combine these two topics and report the preparation and observation of a Bose-Einstein
condensate during free fall in a 146-meter-tall evacuated drop tower. During the expansion over
1 second, the atoms form a giant coherent matter wave that is delocalized on a millimeter
scale, which represents a promising source for matter-wave interferometry to test the universality
of free fall with quantum matter.
he gedanken experiment of a freely falling
elevator was crucial for the development
of the theory of general relativity (GR) (1).
In such an environment, there are locally no
gravitational forces, an idea that gave birth to the
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equivalence principle. Whereas GR rules the
macroscopic world, quantum mechanics (QM)
dominates the microscopic scales and reveals the
wave nature of matter. Bose-Einstein condensates (BECs) (2, 3) exist on the border between

Fig. 1. Cuts through the ZARM drop tower facility in Bremen (A) and the capsule
(B) containing the heart of the BEC experiment (C). The capsule is released from
the top of the tower (D) and is recaptured after a free fall of 4.7 s through an
evacuated stainless steel tube at the bottom of the tower by a 8-m-deep pool of
polystyrene balls (E). In the process of recapturing the capsule, the experiment has
to survive decelerations up to 500 m/s2 (about 50 times the local gravitational
acceleration). The facility permits up to three drops per day. The capsule contains
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quantum and classical physics; they are governed
by the laws of QM but can take macroscopic
dimensions. We took advantage of the absence of
gravity in a freely falling elevator to follow the
long-time (1-s) evolution of a BEC. In particular,
we report the preparation and observation of a
BEC during free fall in the 146-m-high drop
tower of the Center of Applied Space Technology
and Microgravity (ZARM) in Bremen, Germany,
reaching expansion times up to 1 s that are difficult to reach in Earth-bound laboratories. The
extended time of free fall allows us to observe the
ultraslow expansion of the released BEC to a
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all of the components necessary to prepare and observe a BEC, such as the laser
systems for cooling the atoms, the ultrahigh-vacuum chamber with the atom chip,
the current drivers and power supplies, a charge-coupled device (CCD) camera,
and a control computer. The vacuum chamber is surrounded by two magnetic
shields and allows us to include an atom interferometer in future experiments.
Moreover, the catapult underneath the movable polystyrene pool offers the
possibility of extending the time of free fall to 9 s.
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macroscopic matter-wave packet, which provides
us with a probe that is highly sensitive to magnetic and gravitational fields and represents a
testing ground for physics at ultralow energy
scales. We have performed more than 180 experiments to demonstrate the feasibility of coherent
matter-wave experiments in microgravity (4), thus
opening up a new avenue for high-precision measurements in space (5).
The drive for large expansion times of a BEC
is motivated by the increase in sensitivity of an
inertial sensor based on an atom interferometer
with the square of the time (6) the atoms spend in
the interferometer. As a result, cold atom–based
sensors, such as gyroscopes or gravimeters (7),
might reach an unprecedented sensitivity that is
necessary to perform tests (8) of GR, such as the
measurement (9, 10) of the Lense-Thirring effect,

A

which is a manifestation of gravitational forces
induced by rotating masses (11). Moreover, recent advances in atom-optics technology have
led to the preparation of tests of the equivalence
principle with matter waves (12, 13) rather than
macroscopic systems, and these advances make
the detection of gravitational waves feasible (14).
Unfortunately, the grip of gravity on matter
makes it difficult in an Earth-bound laboratory to
enable a BEC to expand freely over long periods.
For example, during 1 s, a mass initially at rest
would fall about 5 m. One way to circumvent this
problem is levitation by electromagnetic forces
counteracting gravity (15). However, only one
class of atoms with specific magnetic properties
or one species can be levitated at a time. This
limitation serves as one motivating factor for our
BEC experiment (16) in the drop tower (Fig. 1).
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Fig. 2. Absorption imaging technique (A) used for the measurement of the two-dimensional spatial
distribution of the BEC in microgravity (B). The BEC is initially confined by a combination of magnetic
fields generated by the Z-shaped wire on the surface of the atom chip and a homogeneous bias field Bbias.
After its release from the trap, the BEC is illuminated by a laser, and the shadow of the condensate is
detected by a CCD camera (A). The resulting two-dimensional density distribution (B) corresponds to a BEC
created and observed in free fall for an expansion time of 100 ms. Here, bright and dark colors indicate
high and low atomic densities, respectively. At the top and on the right-hand side of this image, we show
the x and z profiles, n(x) and n(z), of the integrated density distribution. Both consist of a central peak,
representing the BEC, on top of a pedestal, formed by thermal atoms. A bimodal function (red line) is used
to fit the BEC part and the thermal pedestal with the square of an inverted parabola (green line) and a
Gaussian (blue line).
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Here, the complete apparatus is in free fall, and
the capsule provides an environment with
residual accelerations that are as low as 1 part in
105 of terrestrial gravity, conditions that are difficult to reach in other microgravity platforms.
The realization of this experiment required
the miniaturization of the setup, which was made
possible by the development of atom chips (17–19).
We combined this technology with a mirror
magneto-optical trap (MOT), which was loaded
with roughly 1.3 × 107 atoms of 87Rb from the
background gas. Loading was completed after
10 s, and the capsule was then released. During
the first second of free fall, the atoms are held in
the mirror MOT until the initial vibrations of the
capsule have damped out. The atoms are further
cooled in optical molasses and transferred to an
Ioffe-Pritchard trap on the chip. A BEC of about
104 atoms in the hyperfine state F = 2, mF = 2
(where F and mF are the quantum numbers for
the total angular momentum and the Zeeman
sublevel, respectively) is routinely obtained
within 1 s after compression of the trap and radio
frequency–induced evaporation. The lifetime of
our condensate inside the trap is 3 s, which is
longer than the remaining time of free fall. The
temperature and chemical potential of the BEC
are lowered by adiabatically opening the trap.
Finally, the BEC is released by switching off the
currents through the atom chip, which defines
the origin of time for the expansion.
We observed the BEC by using the absorption imaging technique (Fig. 2A). As an example,
we show in Fig. 2B a BEC after a time of flight of
100 ms in free fall. Even for this expansion time,
the observation of a BEC in an Earth-bound
laboratory becomes difficult, because one has to
adiabatically lower the trap frequencies to reduce
the mean field energy and, consequently, reduce
the speed of expansion. It is at this point that
microgravity becomes crucial, because it allows us to reach trap frequencies in the hertz
regime, giving rise to ground-state energies of
the atomic ensemble in the nanokelvin range.
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Fig. 3. Gallery of absorption images of BECs created and observed in free fall
(A to C) together with the time dependence of the z coordinate of the center of
mass of the BEC (D). The series starts with a time of flight of 30 ms (A), which is
typical for Earth-bound laboratory experiments. The following two figures
correspond to expansion times of 500 ms (B) and 1 s (C). In the latter case, the
www.sciencemag.org

BEC extends over a distance of more than 2 mm in the z direction. In (D), we
depict the z coordinates of the center of mass of more than 20 BECs as a
function of the expansion time. The red dots correspond to the BECs presented
in (A), (B), and (C). The z coordinate varies within a range of several
millimeters, as discussed in (23).
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origins in the sensitivity of the BEC to any inhomogeneous stray magnetic fields during the
expansion phase.
To provide a quantitative understanding of
these observations, we compare and contrast in
Fig. 4 the experimentally obtained half widths
(solid squares) of the z and x profiles of the BEC
with numerical simulations. The latter are based
on scaling methods (20–22) and rely on a detailed modeling of the magnetic fields generated
by the chip and the coils (23). The homogeneous
stray field inside the vacuum chamber, which results, for example, from the vacuum pump, has
been measured in the optical molasses phase in
additional ground-based experiments. It is also
included in the simulation, allowing us to estimate the trapping frequencies along the prin-
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Fig. 4. Measured sizes of BECs in microgravity for short [(A) and (C)] and long
[(B) and (D)] expansion times compared with numerical simulations. As a
measure, we use the half widths Dz [(A) and (B)] and Dx [(C) and (D)] of the z
and x profiles of the condensate extracted from the observed density
distributions. The experimental data points (black, red, and blue solid squares)
are shown with error bars due to density profile fittings; different colors
indicate different detection configurations used in the absorption imaging of
the BECs. Lines represent numerical simulations of the experiment based on
the theory presented in (20–22) and summarized in (23). Up to 100 ms [(A)
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cipal axes of the harmonic potential just before
release to be 10, 22, and 27 Hz. We have also
verified the validity of the scaling method by
full three-dimensional simulations of the timedependent Gross-Pitaevskii equation (24).
In the regime up to 100 ms (Fig. 4, A and C),
which is at the limit of experiments in groundbased laboratories, both half widths display a
systematic discrepancy between the observations (solid squares) and our simulations (black
dashed curves) up to 75 ms. This deviation
arises from a limitation in the optical resolution
of the absorption imaging of the BEC, which we
estimated to be approximately 20 mm. Taking
this issue into account, our improved simulations
(black solid curves) agree with the experimental
observations.

and (C)], the observed BEC sizes exceed the theoretical predictions (black
dashed curves). By incorporating an estimated resolution limit of our optical
imaging system of 20 mm, we find a good agreement between the corrected
theoretical prediction (black solid curves) and the observed BEC sizes. For
large expansion times [(B) and (D)], the observed expansion of the BEC does
not obey the theoretically predicted linear growth for a vanishing magnetic
field (black solid curves). However, by taking weak field curvatures of less than
1 mT/mm2 into account, our simulations (black dotted curves) allow for a
qualitative explanation of the observed data points.
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In our experiment, the kinetic energy of the atoms
is extremely low (9 nK), and the shadow of the
BEC can even be observed after an expansion
time of 1 s, when the BEC forms a delocalized
wave packet extending over more than 2 mm.
In Figs. 3 and 4, we display the long-time
evolution of a BEC during the extended free fall
in the drop tower. Three absorption images corresponding to expansion times of 30 ms (Fig.
3A), 500 ms (Fig. 3B), and 1000 ms (Fig. 3C) are
shown. The cases presented in Fig. 3, B and C,
indicate a suppression of the expansion of the
BEC in the x direction. Figure 3D shows that,
during an evolution time of 1 s, the BEC moves
within a range of about 3 mm in the z direction.
Both effects, the suppression of the expansion
and the motion of the center of mass, have their

Microgravity enables us to venture into the
regime of unprecedented long time evolution
of the BEC up to 1 s (Fig. 4, B and D) with our
setup. Our measurements reveal the abovementioned suppression of the expansion in the
x direction. Although our theory (black solid
curves) predicts a linear growth, we observe a
saturation. In addition, the observed widths in
the z direction are larger than expected.
The origin of both deviations can be traced
back to the fact that, during the expansion phase,
the atoms are in the F = 2, mF = 2 hyperfine
state. Because of the long expansion times, these
deviations represent a sensitive probe of tiny magnetic field gradients and curvatures. By including magnetic field curvatures on the order of a
few microtesla per square millimeter in our simulation (black dotted curves), we are able to provide a qualitative explanation of the observed half
widths. A coherent transfer of the BEC into the
magnetically insensitive hyperfine state F = 2,
mF = 0 would avoid the influence of parasitic
effects, and the implementation of this transfer is
currently under way.
We anticipate a multitude of new research
directions for ultracold, dilute quantum gases
in free fall. A spin-off from our experiment is
the possibility of preparing an extremely dilute
wave packet at the lowest energy scales. This
limit is difficult to reach in standard BEC ex-

periments but is relevant for the observation of
quantum reflection (25) or Anderson localization (26, 27). Future atom interferometers in
space will probe the boundary between GR
and QM.
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In typical semiconductor solar cells, photons with energies above the semiconductor
bandgap generate hot charge carriers that quickly cool before all of their energy can be
captured, a process that limits device efficiency. Although fabricating the semiconductor in a
nanocrystalline morphology can slow this cooling, the transfer of hot carriers to electron and
hole acceptors has not yet been thoroughly demonstrated. We used time-resolved optical
second harmonic generation to observe hot-electron transfer from colloidal lead selenide
(PbSe) nanocrystals to a titanium dioxide (TiO2) electron acceptor. With appropriate chemical
treatment of the nanocrystal surface, this transfer occurred much faster than expected. Moreover,
the electric field resulting from sub–50-femtosecond charge separation across the PbSe-TiO2
interface excited coherent vibrations of the TiO2 surface atoms, whose motions could be
followed in real time.
he maximum theoretical efficiency of a
standard silicon solar cell in use today is
limited to ~31%, in part by the loss of any
photon energy that exceeds the semiconductor
bandgap (1). Absorption of high-energy photons
creates hot electrons and holes that cool quickly
(within ~1 ps) to the band edges by sequential
emission of phonons. There the carriers remain
for hundreds of picoseconds or longer before
slower processes such as radiative or nonradiative recombination occur. The goal of standard
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solar cells is to extract these band-edge electrons
and holes to produce electrical current. However,
because of the initial cooling process, a substantial amount of solar energy has already been
irreversibly lost. If instead, all of the energy of the
hot carriers could be captured, solar-to-electric
power conversion efficiencies could be increased,
theoretically to as high as 66% (2). We can envision the realization of such a hot carrier solar
cell in a semiconductor device where scattering
among photoexcited electrons and reabsorp-
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tion of additional photons in the conduction
band is faster than hot-electron cooling, resulting in a quasi-equilibrium characterized by an
electron temperature much higher than the lattice temperature. This is coupled with equally
fast hot-electron transfer to an electron conductor
in a narrow energy window (to minimize additional energy loss in the latter). The same argument applies to the holes.
A potential route to the above hot carrier
solar cell is to use semiconductor nanocrystals,
or quantum dots (3). In these materials, the
quasi-continuous conduction and valence energy bands of the bulk semiconductor become
discretized owing to confinement of the charge
carriers. Consequently, the energy spacing between the electronic levels can be much larger
than the highest phonon frequency of the lattice,
creating a “phonon bottleneck” in which hotcarrier relaxation is only possible via slower
multiphonon emission (4). For example, hotelectron lifetimes as long as ~1 ns have been
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