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Atom interferometers covering macroscopic domains of space-time are a spectacular manifestation of
the wave nature of matter. Because of their unique coherence properties, Bose-Einstein condensates are
ideal sources for an atom interferometer in extended free fall. In this Letter we report on the realization
of an asymmetric Mach-Zehnder interferometer operated with a Bose-Einstein condensate in microgravity. The resulting interference pattern is similar to the one in the far field of a double slit and shows a
linear scaling with the time the wave packets expand. We employ delta-kick cooling in order to enhance
the signal and extend our atom interferometer. Our experiments demonstrate the high potential of
interferometers operated with quantum gases for probing the fundamental concepts of quantum mechanics
and general relativity.
DOI: 10.1103/PhysRevLett.110.093602

PACS numbers: 42.50.Gy, 03.75.Dg, 04.80.Cc, 37.25.+k

Quantum theory [1] and general relativity [2] are two
pillars of modern physics and successfully describe phenomena of the micro- and the macro-cosmos, respectively.
So far they have resisted any attempt of complete unification, and quantum gravity [3] is generally considered the
Holy Grail of physics. Experimental tests of gravity [4]
with matter waves [5] started as early as 1975 with neutrons [6,7]. Today, atom interferometers (AIs) [8] offer new
opportunities to probe the interface of these fundamentally
disparate descriptions of nature. The coherent evolution of
quantum objects delocalized in space-time [9], the verification of the Einstein principle of equivalence with quantum objects [10], and the detection of gravitational waves
[11] constitute only three of many timely quests motivating
experiments with AI in extended free fall. The overarching
aim is to enhance the sensitivity of these devices, which
increases linearly with the momentum difference between
the two matter waves [12] emerging from a beam splitter
and quadratically with the time of free fall as experienced
in fountains [10,13,14], drop towers [15], parabolic flights
0031-9007=13=110(9)=093602(5)

[16], and space [17]. These scaling laws imply constraints
with respect to the atomic source. Thanks to their slow
spreading and their excellent mode properties, BoseEinstein condensates (BECs) [18,19] represent a promising
source [9] for high-resolution interferometers [20–22].
Moreover, atom chips have enormously simplified the
generation of BECs [23–25] and paved the way to onchip matter-wave interferometry [26,27].
In this Letter, we report on the demonstration of a BEC
interferometer in microgravity. In our experiment, we
employ an atom chip as a robust and fast source for feeding
an interferometer with a BEC consisting of about 104 87 Rb
atoms. Taking advantage of the extended free fall provided at the drop tower of the Center of Applied Space
Technology and Microgravity (ZARM) in Bremen, we
have been able to coherently split the BEC and to separate
the emerging wave packets over macroscopic scales in
time and space. The interferometer extends over more
than half a second and covers distances of millimeters,
exceeding the width of the condensate by an order of
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magnitude. By applying delta-kick cooling (DKC) [28–30]
we have been able to reduce the expansion and to enhance
the signal at longer interferometry times. We study the
coherent evolution of the BEC for increasing temporal
and spatial separation of the wave packets inside the interferometer by monitoring the single-shot contrast and shape
of the fringes [31].
Our experiments are performed with an asymmetric
Mach-Zehnder interferometer (AMZI) [20,32] shown in
Fig. 1. Here we display the temporal evolution of the
atomic density distribution of the BEC interferometer for
an experiment on ground [Fig. 1(a)] and the corresponding
experimental sequence for forming the interferometer
[Fig. 1(b)]. A macroscopic wave packet is coherently split,
redirected, and brought to a partial overlap by successive
Bragg scattering at moving light crystals [26,33,34]. They
are generated by pulses of two counter-propagating laser
beams separated by the two-photon recoil energy of
15 kHz and detuned from the F ¼ 2 ! F ¼ 3 transition
of the D2 line of 87 Rb by 800 MHz to reduce spontaneous
scattering. There exists a close analogy to the Young doubleslit experiment [Fig. 1(c)], where one pair of overlapping
BECs plays the role of a pair of coherent light waves emanating from two slits separated by a distance d. Similar to the
resulting interference pattern in the far field of the double slit,
(a)
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the fringe spacing in our expanding cloud, being the distance
between two local maxima of the density, increases with the
total expansion time Tex of the BEC and is inversely proportional to the displacement d of the two clouds.
Figure 2 illustrates our experiments in microgravity
performed at the drop tower. We show the complete temporal sequence [Fig. 2(a)], which differs from the previous
experiments with the apparatus [15] in three important
features: (i) We employ DKC to reduce the expansion
during the free fall by briefly (2 ms) switching on the
trap with frequencies of (10, 22, 27) Hz generated by the
atom chip 30 ms after the release. (ii) In order to eliminate
detrimental effects of residual magnetic fields we transfer
the BEC into the nonmagnetic state jF ¼ 2; mF ¼ 0i by
coupling the Zeeman levels with a chirped radio-frequency
pulse (adiabatic rapid passage) [35]. (iii) At the time T0
after the release of the BEC, we implement the sequence of
the AMZI outlined in Fig. 1 and detect the interference
pattern at Tex after the release using absorption imaging
with a single laser pulse as illustrated in Fig. 2(b). In Fig. 2(c)
we show typical images of the interfering BECs and the
corresponding column density profiles for two different
values of Tex .
Figure 3 summarizes the central results of our Letter
on probing the coherent evolution of a BEC with an

(b)

(c)

FIG. 1 (color). Temporal AMZI for a BEC based on Bragg scattering at a light grating: experimental images on ground (a),
schematic sequence (b), and analogy to the Young double-slit experiment (c). The evolution of the BEC and the AMZI is visualized by
a series of absorption images (a) of the atomic densities separated by 1 ms. The incomplete transfer is a consequence of the larger
mean-field energy of the BEC necessary for the ground experiment. The interferometer starts at the time T0 after the release of the
BEC, when a =2 pulse (b) made out of two counter-propagating light beams of frequency ! and ! þ  creates a coherent
superposition of two wave packets that drift apart with the two-photon recoil velocity vrec ¼ 11:8 mm=s. After T they are redirected by
a  pulse and partially recombined after T  T by a second =2 pulse. A nonzero value of T leads to a spatial interference
pattern, which we record after  ¼ 53 ms in free fall. Similar to the far-field pattern observed in the Young double-slit experiment
(c), the fringe spacing l scales linearly with the time of expansion Tex ¼ T0 þ 2T  T þ  and is inversely proportional to
the separation d ¼ vrec T of the wave packets. The scaling factor is the ratio of Planck’s constant h and the mass mRb of the
Rubidium atoms.
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FIG. 2 (color). Mach-Zehnder interferometry of a BEC in
microgravity as realized in the ZARM drop tower in Bremen
(a) where absorption imaging (b) brings out the interference
fringes (c). The preparatory experimental sequence (a) includes
capturing cold atoms in a magneto-optical trap (MOT), loading
an Ioffe-Pritchard trap, creating a BEC, and applying the DKC
followed by the adiabatic rapid passage (ARP). The remaining
time before the capture of the capsule at the bottom of the
tower is used for AI and imaging of the atoms. The AMZI below
the atom chip [top plane of (b)] is formed by scattering the
BEC off moving Bragg gratings generated by two counterpropagating laser beams (red arrows directed along the y axis),
resulting in two pairs of interfering BECs. A resonant laser beam
propagating along the x axis projects the shadow of the
BEC onto a CCD camera. Typical interference patterns and
the corresponding column densities (c) are shown for Tex of
180 and 260 ms with corresponding fringe spacing of 75 and
107 m.

interferometer in extended free fall. It shows the spatial
period of the observed fringe pattern [Fig. 3(a)] as a
function of the expansion time Tex , and the contrast
[Fig. 3(b)] observed at the exit ports of the AI for increasing values 2T-T of the time the BEC spends in the
interferometer. Moreover, in Fig. 3(a) we confront the
experimental results (blue circles, red squares, black triangles) with the corresponding theoretical predictions
(solid blue and red lines). The solid blue line originates
from a model based on the scaling approach [36–39] and
describes the interference pattern of two condensates initially separated by a distance d, which start to expand and
eventually overlap. Their initial shape is derived from a
detailed numerical model of our magnetic chip trap. For
large time scales the observed fringe spacing (blue dots)
shows a linear increase with Tex in full accordance with our
model and with the linear far-field prediction (dash-dotted
blue curve) of the double slit. We emphasize that our
microgravity experiments operate deep in the linear regime
and the nonlinear behavior typical for the near field
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combined with the nonlinear evolution of the BEC occurs
only at very short times (< 30 ms). The linear scaling of
the fringe pattern confirms the unperturbed evolution of the
BEC during extended free fall.
The expansion rate of the BEC due to the mean-field
energy is a limiting factor for extending the interferometer
to even longer time scales. It can be reduced by DKC,
which acts on the BEC like a three-dimensional lens.
Indeed, in our experiments DKC realized with the atom
chip eliminates a substantial part of the kinetic energy of
the BEC, giving rise to an effective temperature of about
1 nK. The method allows us to extend the observation of
the free evolution of the BEC and was tested with our
AMZI. The experimental observations (red squares) of the
fringe spacing agree well with the theoretical predictions
(solid red line) for a double-slit experiment with delta-kick
cooled atoms. In order to reach even longer times (black
triangles), we have adjusted the detection time  such that
the patterns of the two exit ports overlap, thus increasing
the absorption signal.
As shown in Fig. 3(b), we observe a contrast of more
than 40%, even at times 2T  T as large as half a second.
However, then the contrast decreases with the time over
which the wave packets are separated, and generally with
the expansion time of the BEC. The observed reduction is
nonexponential in time and uniform over the cloud. In this
respect the asymmetric interferometer puts more severe
constraints on the setup than the symmetric one.
However, it allows us to analyze various effects perturbing
the interferometer. A preliminary analysis shows that the
reduction may be due to an imperfect alignment of the
beam splitters, inhomogeneous wave fronts or disturbances
resulting from a slight capsule rotation. A more detailed
discussion is subject to future investigations.
In conclusion, our device represents a unique test bed for
exploring atom interferometry with novel states of matter
in extended free fall. In particular, it allows us to test tools
of atom optics, such as the precise mode control of a BEC
with DKC at energy scales approaching pK temperatures.
These concepts are essential for high-resolution measurements both in fountains and in microgravity.
Moreover, in our experiment we could follow the evolution of the temporal coherence of an asymmetric
Mach-Zehnder interferometer with a BEC in microgravity,
which is analogous to Young’s double-slit experiment with
a gigantic matter-wave packet being in free fall for nearly a
second. All preparatory steps necessary for high-precision
interferometry are implemented with the help of a robust
chip-based BEC source.
Employing our present setup with a stabilized phase as
an accelerometer, the number of condensed atoms would
compromise the gain in resolution due to the extended time
in the interferometer. We expect that the next generation of
our setup will provide us with a BEC consisting of 106
particles, improved DKC and techniques to correct for
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FIG. 3 (color). Fringe spacing (a) of two interfering BECs observed at each exit port of an AMZI with (red squares, black triangles,
solid red line) and without (blue dots, solid blue line) DKC as a function of the expansion time Tex , and contrast (b) in its dependence
on the time 2T  T spent in the interferometer. Our data (blue dots, red boxes, black triangles) agree well with our models of free
expansion (solid blue line) and DKC (solid red line). In the case of DKC, the temporal asymmetry T was increased from 1 to 2.5 ms in
order to preserve the number of visible fringes across the smaller BEC by rescaling the fringes, which decreased the slope in (a). With
and without DKC, the observed linear dependence has the slope of the approximation of the double slit for point particles (dash-dotted
lines). An offset arises from the initial size and the nonlinear expansion of the BEC due to mean-field energy or from the focusing in
DKC, which shifts the apparent location of the double slit to earlier or later times, respectively. The high contrast of the interference
fringes (b), obtained by absorption imaging, typically exceeds 40% but fades away for increasing T. Error bars depict 1--confidence
bounds of the fitted parameters.

inertial perturbations. The sensitivity achievable with this
device will strongly depend on the control of decoherence
mechanisms, which we will further explore. Its operation
in the drop tower or the catapult allows for free-fall times
of 4.7 or 9.4 s corresponding to a shot-noise limited resolution of 6:2  ð1011 m=s2 Þ or 5:5  ð1012 m=s2 Þ,
respectively. Indeed, a fountainlike interferometer would
need more than hundred meters to achieve the time of
free fall provided by the catapult at the ZARM. Last
but not least, our source is currently considered for
implementing quantum tests of the weak equivalence
principle on sounding rockets, the International Space
Station, and satellite missions. We emphasize that the limit
of our future device will already be close to the one
targeted by recently proposed space missions such as
STE-QUEST [40].
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Dennis, G. McDonald, R. P. Anderson, J. D. Close, and
N. P. Robins, Phys. Rev. A 84, 033610 (2011).
[23] W. Hänsel, P. Hommelhoff, T. W. Hänsch, and J. Reichel,
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and P. Krüger, Nat. Phys. 1, 57 (2005).
[28] S. Chu, J. E. Bjorkholm, A. Ashkin, J. P. Gordon, and
L. W. Hollberg, Opt. Lett. 11, 73 (1986).
[29] H. Ammann and N. Christensen, Phys. Rev. Lett. 78, 2088
(1997).
[30] M. Morinaga, I. Bouchoule, J.-C. Karam, and C. Salomon,
Phys. Rev. Lett. 83, 4037 (1999).
[31] The position of the fringes jumps from shot to shot
because we use two independent laser beams to create
the light crystal. However, this feature is irrelevant for the
measurements reported in our Letter. For more detailed
discussions see the Supplemental Material [36].
[32] H. Rauch, H. Wölwitsch, H. Kaiser, R. Clothier, and S. A.
Werner, Phys. Rev. A 53, 902 (1996).
[33] M. Kozuma, L. Deng, E. W. Hagley, J. Wen, R. Lutwak, K.
Helmerson, S. L. Rolston, and W. D. Phillips, Phys. Rev.
Lett. 82, 871 (1999).
[34] K. Nakagawa and M. Horikoshi, J. Phys. Conf. Ser. 185,
012031 (2009).
[35] J. C. Camparo and R. P. Frueholz, J. Phys. B 17, 4169 (1984).
[36] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.110.093602 for expansion theory and image analysis.
[37] Y. Castin and R. Dum, Phys. Rev. Lett. 77, 5315 (1996).
[38] P. Storey and M. Olshanii, Phys. Rev. A 62, 033604
(2000).
[39] G. Nandi, R. Walser, E. Kajari, and W. P. Schleich, Phys.
Rev. A 76, 063617 (2007).
[40] STE-QUEST space mission in ESA’s Cosmic Vision
2020-22, http://sci.esa.int/ste-quest.

093602-5

