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Abstract
The sensitivity of atom interferometers is usually limited by the observation time of a free falling cloud
of atoms in Earth’s gravitational field. Considerable efforts are currentlymade to increase this
observation time, e.g. in fountain experiments, drop towers and in space. In this article, we
experimentally study and discuss the use ofmagnetic levitation for interferometric precision
measurements.We employ a Bose–Einstein condensate of cesium atomswith tuneable interaction
and aMichelson interferometer scheme for the detection ofmicro-g acceleration. In addition, we
demonstrate observation times of 1s, which are comparable to current drop-tower experiments, we
study the curvature of our forcefield, andwe observe the effects of a phase-shifting element in the
interferometer paths.

1. Introduction

Precisionmeasurements withmatter waves have shown tremendous advances over the last decades. In
particular, atomicmatter wave interferometers demonstrated a ground-breaking increase of themeasurement
precision of inertial effects, such as rotation [1, 2] and acceleration [3, 4]. In addition, atomicmatter wave
interferometers have been used to determine the fine-structure constant [5], Newton’s gravitational constant
[6, 7], and constraints on dark energy [8]. Similar to optical interferometers, atom interferometers split amatter
wave into two parts, evolve the parts independently along different paths, andfinally recombine thewaves to
form an interference pattern [9]. The interference pattern depends on the accumulated phase shift of thewave
packets during the independent evolution, and themeasured quantity is typically inferred from the shape and
time evolution of the pattern. The sensitivity of interferometers increases with the accumulated phase shift,
which again depends on the evolution time [10]. However, the evolution time of a free falling atom cloud is
limited by Earth’s gravitational acceleration inmost experimental setups, and considerable efforts aremade to
increase the duration, e.g. in fountain experiments [11], drop towers [12, 13], parabolic flights [14, 15] and in
space [16].

In this article, we employmagnetic levitation as a differentmethod to extend the evolution time in
earthbound laboratories.Magnetic levitation relies on the use ofmagnetic forces to cancel the gravitational
acceleration and to levitate the particles in space. Themethod is well established for experiments with ultracold
atoms [17–19], and its experimental implementation, i.e. using a pair of current-carrying coils, is significantly
simpler and smaller than an atomic fountain apparatus or a drop-tower experiment. Here, we study the
advantages and limitations ofmagnetic levitation formatter wave interferometry with themotional states of
Bose–Einstein condensates (BECs), andwe demonstrate thatmagnetic levitation can be employed to reach an
expansion time of 1s, which is comparable to current drop-tower experiments [12]. Furthermore, we utilize
magnetic levitation to create and to interferometricallymeasuremicro-g acceleration in free expansion, andwe
show that the negligible center-of-massmotion of levitated atoms facilitates a direct study of phase-shifting
elements in the interferometer paths.

Other interferometer schemes use external trapping potentials to prevent the gravitational acceleration by
channelling thewave packets alongmagnetic [20, 21] and optical [22, 23]waveguides. External guiding and
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trapping potentials allow for equally long observation times [24], however, they introduce additional challenges.
External potentials can cause spatially varying phase shifts and undesired excitations of thewave packets [23, 24],
which limit themeasurement precision.Our levitation scheme avoids trapping potentials along the gravitational
axis, and it facilitates a tuneable scattering length for future studies of interaction effects in atom interferometers.

This article is structured as follows: section 2 provides an overview of our experimental setup,magnetic
levitation scheme, and the use of amagnetic Feshbach resonance to control the interaction strength of cesium
atoms. Section 3 is used to illustrate the interferometer scheme, and in section 4 we evaluate ourmeasurement
precision. Small changes to themagnetic levitation gradient allow us to createmarginal accelerations of
milli-g (section 4.1) andmicro-g (section 4.2). An additional laser beam in one of the interferometer paths
constitutes a phase-shifting element in section 4.3. In section 5, wemeasure features of themagnetic field
distribution, such as the transversal curvature of the force field. Finally, using a combination of low
interaction strength, low trapping frequencies, andmagnetic levitation we demonstrate long expansion and
observation times in section 6.

2.Magnetic levitation scheme and experimental apparatus

Our experimental apparatus is designed to independently control twoparameters of themagneticfield.The
magneticfield strength = ∣ ( )∣B x y zB , ,0 , at theposition of the atoms (x=y=z=0mm) is used to tune atomic
interactions bymeansof a broadmagnetic Feshbach resonance for cesiumatoms in the strong-field-seeking
Zeeman state = = ñ∣F m3, 3F .We reduce the effects of interaction by settingB0 to 17.4 Gwith an s-wave
scattering length, a, of approximately 65 a0 during the interferometer sequences (figure 1(c)), where a0 isBohr’s
radius. The second controlled parameter is the vertical gradient of themagneticfield,∂z B, which can be adjusted to
exert a vertical pull on the atoms and cancel the gravitational acceleration.Due to theZeeman effect, cesiumatoms
in the given state experience a vertical force that is proportional to themagneticfield gradient, m= ¶F BB zvert

3

4
. For

amassmof a cesiumatom, the levitation gradient can be calculated as∂z B=4mg/(3μB)=31.1 G cm−1 [19, 25].
Here,μB represents the Bohrmagneton and g the gravitational acceleration.

Our coil configuration is based on established designs [18, 19, 25]. It consists of two vertical coils above and
below the atoms (inner diameter 12 cm, separation 6 cm), with 5 independently controllable sections.We
generateB0 and∂z B bymeans of two vertical pairs of coil sections with co- and counter-propagating currents
(outer and inner sections infigure 1(a)). Pairs of shim coils on each axis at distances of approximately 20 cm

Figure 1.Experimental setup. (a)Magnetic field coils to controlB0 (blue, outer coils) and∂z B (red, inner coils). Laser beamswith
small beamwaists (S1, S2) and large beamwaists (H1,H2,H3) trap the atoms, and a lattice L1 is used to split thewave packet during
the interferometer sequence. Top and bottom coils have an inner diameter of 12 cm and a vertical separation of 6 cm. (b)Numeric
simulation of the totalmagneticfield ∣ ( )∣B y z, for∂B/∂ z=31.1 G cm−1 andB0=17.4G,field lines indicate amagnetic field
strength of 2–40 G. (c)Zero crossing of the scattering length at 17.1 G due to a broad Feshbach resonance for cesium atoms.
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from the atoms allow for additional fine control of themagnetic field. Figure 1(b) shows the totalmagnetic field
strengthB(y, z) in the vertical plane as calculated by a numerical simulation of our coils withfinite wire elements.
Thefield can be approximated by amagnetic quadrupolefieldwith a shiftedminimumat a fewmillimetres
below the atom cloud. Experimentally, we determineB0 bymicrowave spectroscopy andwe optimize the
levitation gradient∂z B by varying the levitation current Ilev andminimizing position drifts of a BECduring free
levitated expansion. Additional effects due to horizontalfield curvature and limitations of the levitations scheme
for precisionmeasurements are discussed in section 5.

Thematter waves of our interferometer are provided byBose–Einstein condensates. In our setup, ´2 109

cesium atoms are loaded froma 2D+magneto optical trap (MOT) into a 3DMOTwithin 3 s. The atoms are
cooled by degenerate Raman sideband cooling [26], and then sequentially transferred into two pairs of crossed
optical dipole traps, the first withwavelength 1070 nm, total power 200W,waists 700 μm, and the secondwith
wavelengthλ=1064.495(1) nm, power 400 mW,waists 90 μm (labels S1, S2 infigure 1(a) ). Bose–Einstein
condensation is reached after 6 s of evaporative cooling, and the density distribution of the atoms is detected by
means of resonant absorption imaging after a variable time of levitated expansion and after 1ms of unlevitated
time-of-flight. One cooling cycle has a duration of 15 s and it is similar to [25].

We generate BECs of 2.5×105 atoms in the Zeeman sub-state = = ñ∣F m3, 3F at a scattering length of
a=210 a0, trapped in the crossed laser beams S1, S2with trap frequencies ofωx, y, z=2π×(23.5,17.7,15.4)Hz.
To reduce interactions during the interferometricmeasurement, we tune the scattering length to 65 a0 and
remove atoms by forced evaporationwith a non-levitatingmagnetic field gradient. The BECs for the
interferometermeasurements in this work consist of approximately 8×104 atomswith a thermal fraction below
5%.Vibrational isolation and damping of the optical table is achieved by a pneumatic isolation system (Newport
S-2000A).

3. Interferometer scheme

Weemploy aMichelson interferometer scheme that is based on three Kapitza–Dirac pulses with a standing light
wave (figure 1(a), beamL1) [27]. The pulses change themotional states of thematter waves but leave the internal
states of the atoms unchanged [28]. Our pulse sequence and the resultingmotion of thematter wave packets are
illustrated infigure 2. Afirst pulse splits the BEC into twowave packets with oppositemomenta±2ÿkL. Here,
kL=2π/λ is thewavenumber of the lattice beam and ÿis Planck’s constant. Thewave packets propagate freely
for an evolution timeT1 until we apply a second pulse that inverts the direction of thewave packets and changes
theirmomentumby 4ÿkL. A third pulse is used after an evolution timeT2 to recombine the twowave packets. It
is identical to thefirst pulse and generates three wave packets withmomenta p0=0, p±=±2ÿkL. The relative
population of the recombinedwave packets depends on the acquired phase differenceΔΦ, resulting in a
probability P0 of finding an atom in the p0momentummode

Figure 2. Interferometer scheme. Average of three absorption images of thematter waves after the splitting and the inversion pulses
(left to right: = =T T 01 2 , 6, 12 ms), and after the recombination pulse and an expansion time of 10 ms. All images are taken after an
additional time-of-flight of 1 ms.

3

New J. Phys. 21 (2019) 053028 ADCarli et al



= + DF( ) ( )P P
C

2
cos . 1m0

Here,C is the interference contrast and Pm is the offset of the interference signal.We determine P0 from the ratio
of atoms in the p0mode to the total atomnumber in allmomentummodes.

Several factors can contribute to the phase differenceΔΦ. For fallingwave packets with spatially
homogeneous acceleration ac, the phase difference is directly proportional to the center-of-mass displacement
Δz that was acquired during the total interferometer timeΔT=T1+T2+Tpulse. Here,Tpulse represents the
total duration of the pulses. The total phase difference is given by [29]

DF = D + F = D + F( ) ( )k z k a T2 2
1

2
, 2L L c0

2
0

with a term F0 that accounts for additional phase shifts introduced during the initialization process, by noise
such as lattice vibrations [15], or by interactions (see section 4.2).

The pulse sequence used in this experiment is based on previous work [20, 30, 31]. Our splitting and
recombination pulses consist of three sub-pulses of lattice beam L1with durations 60, 110 and 60 μs, and lattice
intensities of 6.6 Er, 0.2 Er, and 6.6 Er. Here, = ( )E k m2r L

2 2 is the recoil energy for cesium at a lattice
wavelength of 1064 nm.Our inversion pulse has aGaussian intensity distributionwith amaximumof 17 Er and
a 1/e-duration of 35 μs. The sub-pulse scheme allows us to reach a splitting efficiency of 96%of the atoms in the
±2kLmodes, andwe speculate that the limit of the efficiency is given by the thermal component of our BEC. The
efficiency of the inversion pulse is lower, 83%, and residual atoms are clearly visible infigure 2 in the 0 and
±2ÿkLmodes.We suspect that this is due to the velocity selectivity of the inversion pulse and the velocity
difference of the acceleratedwave packets.

4. Interferometricmeasurements

4.1.Measuringmilli-g acceleration
Ourmagnetic levitation scheme allows us to apply small forces to the atoms by changing the levitation current
Ilev in the vertical coils with counter-propagating currents.We use this approach to characterize our
interferometer setup for non-zero accelerations. After the preparation of the BECwe increase the current I in the
coils, which create themagnetic field gradient, in 75 ms to the ratios I/Ilev of 1.003, 1.001, and 1.0003. The
acceleration of the BEC ismeasuredwith our interferometer scheme. Figures 3(a)–(c) show the corresponding
measurements ofP0 for varying evolution timesΔT2 withT1=T2. As expected, we observe sinusoidal
oscillations ofP0, which are fitted using equations (1) and (2) (solid lines) to determine the accelerations ac (red
circles, figure 3(d)).

An independentmeasurement of ac, based on the freemotion of the BEC, is provided for comparison.We
measure the shift of the center-of-mass position for an expansion timeTexp of an untrapped BEC in our
magnetic field gradients, =( )z T a T1 2 cexp exp

2 , with afit parameter ac (blue diamonds, figure 3(d)).Wefind
excellent agreement within two standard deviations between the twomethods.However, the sensitivity of the
free expansionmeasurement is limited by the observation time. Although our levitation scheme allows for very

Figure 3. Interferometricmeasurement ofmilli-g accelerations. (a)–(c)Probability of observing atoms in the 0ÿkLmomentummode
for increasing durationΔT and gradient coil currentsΔI/Ilev of (a) 0.003, (b) 0.001, (c) 0.0003. Solid lines represent fits to the data
points using equations (1) and (2). (d)Comparison of the accelerationmeasurement with the interferometer scheme (red circles) and
by the center-of-massmotion (blue diamonds). Error bars indicate one standard deviation of the data points.
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long observation times (section 6), it also induces a horizontal dispersion of the BEC in free space, whichwill be
discussed in section 5.Here, we limit the observation time to 200 ms, which allows us tomeasure the
acceleration for I/Ilev=1.001, 1.003, but not for 1.0003. Themeasurement results infigure 3(d) have relative
uncertainties of approximately 4% for the free expansionmeasurement and 0.5% for the interferometric
approach.

4.2.Measuringmicro-g acceleration
In a secondmeasurement, we utilize the interferometer scheme tominimize the forces on the atoms.We vary
the currents in our shim coils and Ilev with the goal tomaximize the oscillation period ofP0 (red circles figure 4).
For optimal current values, we observe a slow drop of the value ofP0 from approximately 0.75 to 0.45 over
ΔT2≈1600ms2. This reduction is not necessarily caused by a residual acceleration of thewave packets, as it can
also originate fromdephasingmechanisms that are discussed in the next paragraph.However,fitting P0(t)with
equation (1) provides an upper limit to the acceleration experienced by the atoms.We determine an upper limit
for the acceleration of the atoms of ac=70(10)×10−6 g. Atomic fountain interferometers facilitate the
measurement of significantly smaller differential accelerations and reach staggering precisions of the order
Δg/g∼10−10 [3, 4, 32]. Ourmeasurement, however, provides, to the best of our knowledge, the smallest
absolute value for an acceleration that ismeasured directly with ultracold atom interferometry.

We estimate possible sources ofmeasurement errors,fluctuations anddephasingmechanisms. Fluctuations of
a homogeneousmagneticfieldwill only slightly change the interaction strength of our BEC, but deviations of the
magneticfield gradient can induce additional accelerations and alter themeasurement result. In our setup, small
deviations of themagneticfield gradient canoccur as thewavepacketsmoveduring an interferometer sequence
away from the original positionwith optimized levitation.Weestimate fromournumericalmagneticfield
simulation that our coil design causes a relative increase of thefield gradient of 2×10−6 for a vertical position shift
of 50 μm. In addition, thequadratic Zeeman effect induces another deviation of the levitation force of 6×10−6 for
the sameposition shift. As a result, theupper and lowerwavepackets experience a position-dependent
acceleration,which increases the separationof thewavepackets before the inversionpulse, andwhich reduces the
convergence after the inversion pulse. Similar to ourmeasurements in section 5,wewould expect thefinal
displacement of thewavepackets to cause horizontal fringes in the absorption images, whichwedonot observe. As
a result,we conclude that the vertical force gradients are negligible for the time scales of our interferometer.

In addition, the position-dependentmagnetic field strength causes an almost linear change of the scattering
length of approximately±10 a0 over 50 μm (see also section 6). As a result, the atoms in the upper wave packet
experience a stronger interaction and faster phase evolution than atoms in the lowerwave packet. Assuming
constant densities and a linear change of the scattering length, wewould expect the phase shift between thewave
packets to increase withΔT2, and it would be difficult to distinguish this effect from a phase evolution due to

Figure 4. Interferometricmeasurement ofmicro-g accelerations and phase shifts due to a laser beam. (a)Probability of observing
atoms in the 0ÿkLmomentummode vsT1 forminimized acceleration of the atoms (red circles) and for an addition laser beam in the
path of the upperwave packet (blue squares). Error bars indicate one standard deviation of the data points. (b) Illustration of the
position of thewave packets and the additional laser beamduring the pulse sequence. Angles and axes are not to scale in the
illustration.
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acceleration.However, in our setup thewave packets expand after release and the densities decrease strongly
over a timescale of 1/ωx,y, z≈10 ms. The position-dependent scattering lengthwould result in a change of the
oscillation frequencies within 10–15 ms infigures 3(a)–(c), whichwe do not observe, andwe conclude that the
phase shift due to a position-dependent scattering length is belowour sensitivity for thismeasurement.

Fluctuations of the acceleration of the BEC can be caused by time-dependent changes ofB0 and∂z B, either
due to externalmagnetic fields or due to thefinite stability of the currents in our coils.We determine a current
reproducibility of 1.4×10−6 bymeasuring the standard deviation of the current during the interferometer
sequence over 60 consecutive cycles. For each cycle, the currentmeasurement averages over 80 ms.We believe
that the current reproducibility will eventually set the limiting precision for our interferometricmeasurements
with levitated atoms.While it is in principle possible to increase the current reproducibility by 1–2 orders of
magnitude by improving our current regulation electronics, it would be very hard to reach the precision of
atomic fountain experiments. Nonetheless, we believe thatmagnetic levitation schemeswill provide a valuable
technological addition for precisionmeasurements with ultracold atoms. Reducing gravitational acceleration to
micro-g effectively removes the center-of-massmotion of the atoms, and it allows for a directmeasurement of
phase-shifts due to additional elements in the interferometer path.We demonstrate this approach in the next
section by adding a focused laser beam in the upper path of the interferometer and bymeasuring its position-
dependent phase shift on the atoms.

4.3.Detection of phase-shifting elements
Compared to fountain experiments, the center-of-massmotion of ourwave packets is containedwithin a small
spatial region of a few hundreds ofμm, and it is straightforward to add additional phase shifting elements in the
path of thewave packets. As a result, it is possible to use the levitated interferometer scheme to analyze additional
potentials for the atomswith high precision.We demonstrate this approach by adding a horizontal laser beam
(wavelength 1064 nm,waist 40 μm, power 29 μW) approximately 50 μmabove the initial position of the atoms
(figure 4(b)). This beam creates aGaussian dipole potential with a depth of approximately 3 nK, and it
introduces between the upper and lowerwave packets a differential phase shift, which can be detected by the
interferometer. In addition to ameasurement of the AC Stark shift of the lightfield as in reference [33], our setup
facilitates the study of the spatial dependence of the potential.

The effect of the laser beamonP0(t) is clearly visible infigure 4(a)when comparing the data sets with the
beam (blue squares) andwithout the beam (red circles). For increasing durationT1, the upper wave packet
passes twice through the laser beam and it samples increasing spatial sections of the potential.We adjusted the
power of the beam to create a single oscillation of the phase for awave packet that fully transverses the beam,
resulting in aminimumofP0(t) at an evolution timeT1=7 ms infigure 4(a).

Constant propagation velocities of thewave packets during the evolution timesT1 andT2make it easy to
relate the time to the position of the atoms.We use a numericalmodel to integrate the phase shift of the upper
wave packet in the dipole potential of the laser beamover the interferometer path z(t) and include the
unperturbed phase shift asmeasured in section 4.2. Fitting themodel parameters to our data set (blue line
figure 4(a)), we determine a beamposition of 45(1) μm, awaist of 37(4) μmand a beampower of 25(3) μW,
which are in excellent agreementwith the independentlymeasured values.

Ourmodel neglects the spatial extent of thewave packets andwe determine the phase shift at the center-of-
mass position, whereas our experimental sequence averages over local phase shifts within the uppermatter wave
packet. Local phase shifts result in density variations in the profiles of themomentummodes in our absorption
images, butmeasuring the total atomnumber in themomentummodes provides only the average phase shift of
thewave packet.

5. Spatial curvature of the forcefield

Ourmagnetic field configuration does not only provide a verticalmagnetic field gradient to levitate the atoms,
but it also generates aweak, horizontal anti-trapping potential. This potential is a result of the spatial curvature
of our quadrupole-like distribution of themagnetic field (see figure 1(b)). In this section, we demonstrate that
the anti-trapping potential causes an additional interference pattern, which can be employed tomeasure the
anti-trapping frequency or the angle between the lattice beam and the vertical field axis.

Within the quadrupole approximation it is possible to derive simple equations for themagnetic field and for
the forces along the dashed horizontal line infigure 1(b) [19, 25, 34]

m
a a

m
= + = =( ) ( ) ( )B r B

m g

B
r F r m r g

m

B

2

9
, with

3
. 3

B B
horz 0

2 2

0

2
horz

2

0
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Here, = +r x y2 2 is the horizontal displacement of the atoms from the origin. The quadratic scaling of
Bhorz(r)with r results in aweak, outwards-directed force in the horizontal plane. This anti-trapping effect can be
associatedwith frequencyα, and it causes aweak, position-dependent accelerationwith a time-dependent
horizontal position r(t) and horizontal velocity vr(t) [35]:

a a a
a a a

= +
= +
= +

-( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

r t r t v t

v t v t r t
z t v t z

0 cosh 0 sinh

0 cosh sinh
0 0 . 4

r

r r

z

1

0

For this calculationwe assume perfect levitation and linear verticalmotion z(t) during the interferometer
sequence.

In an experimental setup there will always be a small anglej between the lattice beamL1 and the vertical axis
of themagnetic field, and a splitting pulsewill always imprint a small velocity component

 j=( ) ( ) ( )v k m0 sinr L along the horizontal direction. Consequently, a small horizontal displacement due to
vr(0) results in an outwards-directed force on thewave packets in the anti-trapping potential, and in afinite
horizontal displacement at the end of the interferometer sequence as illustrated infigure 5(a). The horizontal
distance between thewave packets is typically two orders ofmagnitude smaller than the vertical displacement
during the interferometer sequence, and both distances become comparable only in the proximity of the
recombination pulse and during the expansion time.We illustrate the positions of thewave packets in
figure 5(b) for small delay times of the recombination pulse δt=T2−T1withT1=20 ms.Depending on δt,
the orientation of the blue line connecting thewave packets changes from almost vertical for δt=±0.4ms to
horizontal for δt=0ms.We define an angle θ, which is chosen to be positive clockwise and in the interval
[−90°, 90°], to indicate the orientation of the line, andwe define d(δt) to be the distance between the twowave
packets.

In analogy to Young’s double slit experiment [13, 36], the interference pattern of twowave packets at
distance d(δt) shows a fringe spacing dF of

p= +( ) ( )d t md d . 5F 0

Here, t is the total duration of the interferometer sequencewith t=T1+T2+Tpulse−δt+Texp, and d 00

is a constant phase shift that depends on the initial conditions such as the density distribution [37–39]. In our
absorption images of the interfering wave packets for constant timesT1,Texp and varying delay δt (figure 5(d)),
interference fringes with varying separation dF and angle θ are clearly visible for allmomentummodes p0, p±.

Figure 5.Effect of the forcefield curvature on the interference pattern. (a)Calculated interferometer path of the center-of-mass
positions of the levitatedwave packets with δt=0 ms. (b)Center-of-mass positions of the twowave packets for δt=−0.4 ms (blue),
−0.2, 0,+0.2 ms (grey). Blue parallel lines indicate the orientation of the interference pattern. (c) Fringe angles (red circles) and fringe
spacings (blue squares) versus the delay δt of the recombination pulse, inferred from the data in d. Solid lines showour fit results for
equation (6). (d)Absorption images for varying δt between−2.0 and 2.0 ms in steps of 0.4 ms. Commonparameters are
α=2π×3.29 Hz,j=0.108°,T1=20 ms ,Texp=30 ms.

7

New J. Phys. 21 (2019) 053028 ADCarli et al



From the evolution of the fringes as a function of time delay δt, we infer properties of the curvatureα and the
anglej.We simultaneouslyfit the fringe spacing in equation (5) and the fringe angle θwith
q d d d=( ) ( ( ) ( ))t z t r tarctan . Here z(δt) and r(δt) are the vertical and horizontal positions of thewave packets
for varying δt.We integrate the center-of-massmotion of thewave packets in equation (4)with starting
conditions r(0)=z(0)=0 over all steps of the interferometer sequence to determine z(δt) and r(δt)

d d

d
a

a a a d

a a d

a
a a a d

a a d
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= +

+ - +

+ +

+ - + +

( ) ( )

( ) ( ) ( )[ ( ) ( ( ))

( ( ) ) ( ( ))]
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0
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cosh 1 sinh
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sinh sinh sinh
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z

r

r

exp 1 1

1 1

exp 1 1

1 1

Equations (6) contain two free parameters, the anti-trapping frequencyα and the lattice anglej, which can both
be used tofit our data points infigure 5(c).We choose to constrainα and varyj during the fitting procedure, as
it is experimentally difficult to determine the laser beam angle withmilliradian precision, andwe independently
measuredα by observing center-of-mass oscillations of BECs in optical dipole traps. Thefit results, represented
by solid lines infigure 5(c), show good agreementwith our data points, andwemeasure a lattice angle of
j = ( )◦0.108 7 forα=2π×3.29(5)Hz.

Note thatα scales with B1 0 in equation (3), andwe can use larger values forB0 to reduce the anti-trapping
effect, e.g. by tuning the interaction strengthwith a broadmagnetic Feshbach resonance at 800 G [40]. However,
it will be difficult to reduceα significantly due to its square-root dependence onB0. Instead, it is easier to
compensate the anti-trapping effect with an additional dipole trap, as demonstrated in the next section.

6. Long expansion times

The sensitivity of an interferometricmeasurement increases with the evolution time of thewave packets [12],
but evenwithout the implementation of an interferometer scheme, long observation times of an expanding BEC
facilitate a sensitive accelerationmeasurement. In this section, we demonstrate thatmagnetic levitation allows us
to extend the expansion time of a BEC to 1 s, andwe evaluate advantages and limitations of this scheme for
precisionmeasurements.

Typical expansion times for falling BECs are on the order of tens ofmilliseconds, often limited by the
detection area of the imaging system, by the gravitational acceleration and by the expansion velocity of the gas.
Usually, the expansion velocity of a quantumgas is not caused by the temperature of the gas but by repulsive
interaction during the initial spreading. The current record for long observation times undermilli-g acceleration
is 1 s [12]with an expansion energy of 9 nK. The experiment was performed in a drop tower, and ballistic
expansionwas observed over approximately 500 ms, limited by straymagnetic fields.

In our experiment, we can reduce the interaction energy of the BECby tuning the scattering length close to
0 a0 bymeans of amagnetic Feshbach resonance (figure 1(c)). Further reduction of the expansion energy has
been demonstrated by rapidly changing the scattering length from a positive value to 0 a0 during trap release
[25], but we refrain fromusing this trick to avoid excitations of the BECduring release. Our horizontalmagnetic
field curvature (section 5) introduces another limitation. During long observation times, the BEC expands
horizontally into regionswith a lowermagnetic field gradient, causing a position-dependent sag of the density
profile. In addition, smallfluctuations of the horizontalmagnetic field can break the symmetry and introduce
slowhorizontal drifts.We suppress both effects by keeping a vertical laser beam (H3 infigure 1(a)) on during the
expansion time, thus observing free expansion only in the vertical direction.

In detail,we reduce the trap frequencyby slowly transferring the atoms froma crossed dipole trap of beams S1,
S2 to a crosseddipole trap of beamsH1,H2, andH3withfinal trap frequencies ofωx,y, z=2π×(3.2, 3.4, 2.1)Hz, a
scattering length of 15 a0 and atomnumbers of approximately 1.1×104. Excitations of the BECduring the transfer
are suppressed by smooth changes of the potentialwith a total transfer duration of 4 s. After an additional settling
time of 1 swe switchoff the horizontal beamsH1andH2and study the expansionof theBEC in the vertical beam
H3. The vertical trapping frequency of the laser beamH3 is approximately 25mHz, and the resulting fractional
reductionof the expansionwidth after 1 s is 6×10−4, which is far belowourmeasurement sensitivity for thewidth
of the BEC.

The expansionof theBEC in the vertical direction is clearly visible on absorption images (figure 6(a)) for
expansion times 0–1000ms, andhorizontally-integrated 1Ddensity profiles for expansion times of 400ms and
600ms are given infigures 6(c) and (d). Although the trappedBEC is initially onlyweakly confinedwith almost
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symmetric trap frequencies, it changes dimensionality during the expansionprocess in the vertical beam.
Thedensity of theBECdecreases strongly during the vertical expansion, and the chemical potential becomes
smaller than the transversal harmonic oscillator energyÿωx,y as required for a quasi-1Ddescription [41]. As a
result, wedonot expect a shape-preserving spreading of the density distribution for a 1D expansion because the
BECpasses through various interaction regimes as its density decreases [42, 43]. For illustration,we showafit to
theupper 80%of the 1D-density profilesn(z) for the ‘3Dcigar’-regime [44] (figure 6(c)), butwe refrain froma
complete analysis of the density profiles, which is beyond the scope of this article. Instead,wequantify thewidth

of the expandingBECwith the root-mean-square (rms) radius  òD = -( )( )( ¯)n z z z
N

1 2 1 2
to provide an

estimate of the expansion velocity (red circlesfigure 6(b)).Here, z̄ is the center-of-mass position of the atoms.We
observe an initial interaction driven expansion and a ballisticflight for T 400exp mswith an rms expansion

velocity of vrms=0.128(5)mm s−1 and a corresponding kinetic energy of = ´ ( )mv k2 1 2 260 20Brms
2 pK.

Wenote that this is the expansion energyof theBEC component, but not the initial temperature of the trapped
quantumgas.

Similar to reference [12], wefind an accelerated expansion for longer expansion times,Texp>500 ms.We
expect that the dominant source of the accelerated expansion is the curvature of our levitation gradient due to
the quadratic Zeeman effect and due to our coil design, as discussed in section 4.2. However, the density profiles
of the atoms on the absorption images indicate two other contributions.We observe small radial oscillations for
long expansion times after release from the trap in the guiding beamH3 (see imageTexp=1 s infigure 6(a)).
Those oscillations can couple to the verticalmotion or they can distort the radially integrated density
distribution. In addition, we observe asymmetric 1Ddensity profiles n(z) forTexp>500 ms (figure 6(d)). The
profiles show a slower expansion velocity for the lower part of the cloud than for the upper part.We assume that
this effect is caused by the position-dependent scattering length due to ourmagnetic field gradient. The zero-
crossing of a is indicated infigure 6(d) by a dashed blue line. This asymmetric expansion of a BECwith position-
dependent scattering length requires further investigation that is beyond the scope of this article.Wefind small
position fluctuations for long expansion timesTexp>400 ms of the BECdue to thefinite current stability for
themagneticfield gradient (section 4.2). For illustration, we re-centered the center-of-mass position in the
absorption images for the averaging process infigure 6(a), but all other data infigures 6(b)–(c) results from the
analysis of individual absorption images.

Figure 6. Long expansion times. (a)Average of 6–8 absorption images for each expansion time:Texp=50, 200, 400, 600, 800,
1000 ms.Note that the scaling of the images changes as indicated by the 50 μmscale bar in each picture. (b) rms-widths of the
integrated 1D-density distribution versus expansion time. (c), (d) 1D-density profiles andfits (blue lines) for expansion times of (c)
400 ms and (d) 600 ms.
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7. Conclusion

In conclusion, we experimentally studied the benefits and challenges of the use ofmagnetic levitation schemes
for interferometric precisionmeasurements with ultracold atoms.We employed aMichelson-type
interferometer setupwith BECswith tuneable interaction andmagnetic levitation to demonstrate absolute
accelerationmeasurements in themicro-g regime andwe used the negligible center-of-massmotion of levitated
atoms to study the position-dependent phase shift of the dipole potential of a focused laser beam.Moreover, we
demonstrated expansion times of 1 s for a BEC,which is comparable to current drop tower experiments, andwe
used an extrapolationmethod for the fringe patterns to study the curvature of a force field that acts
perpendicularly to our interferometer setup.

In our setup, limitations of the sensitivity arise frommagnetic fieldfluctuations due to the current
regulation, and fromposition-dependent interactions andmagnetic field gradients. Although the sensitivity in
our setup is significantly lower than the sensitivity of atomic fountain experiments, we believe that levitation
schemes provide interesting features with the prospect of technical applications. Cancelling gravitational
acceleration offers the possibility to combine long observation timeswith compact interferometer setups.
Interesting applications are themeasurement of local variations of electric andmagnetic fields, and ofmeanfield
effects due to atomic interactions.
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