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We employ light-induced double Bragg diffraction of delta-kick collimated Bose-Einstein condensates
to create three symmetric Mach-Zehnder interferometers. They rely on (i) first-order, (ii) two successive
first-order, and (iii) second-order processes which demonstrate the scalability of the corresponding
momentum transfer. With respect to devices based on conventional Bragg scattering, these symmetric
interferometers double the scale factor and feature a better suppression of noise and systematic
uncertainties intrinsic to the diffraction process. Moreover, we utilize these interferometers as tiltmeters
for monitoring their inclination with respect to gravity.
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Earth observation, such as Earth rotation measurements
[1] and geodesy [2], as well as tests of the foundations of
physics, like the equivalence principle [3,4] or near field
gravity [5], push the frontier of developing novel instru-
ments and strategies to achieve high-precision measure-
ments. Matter-wave interferometers [6], which may extend
over truly macroscopic distances and operate with ultracold
atoms [7–10], and, in particular, Bose-Einstein condensates
(BECs) [11–13], fall into this category and are central to
future gravitational antennas [14], Earth-based tests of
general relativity [15], experiments in microgravity envi-
ronments [16–18], and gravitational wave detectors [19].
Since most measurements rely on a precise alignment
or pointing, the design of long-term stable tiltmeters with
a resolution of nanoradians over weeks and months is
compulsory.
Generally, the sensitivity of atom interferometers

depends crucially on the diffraction mechanism. In this
Letter, we apply and explore double Bragg diffraction to
delta-kick collimated BECs [10,20–23]. This novel tech-
nique is inspired by Raman double diffraction [24,25] and
allows us to create an interferometer measuring tilts with
microradian resolution. In the future, such quantum tilt-
meters [26] might be combined with other (atom-inter-
ferometric or conventional) devices to enhance their
performance. Moreover, we emphasize that in contrast to
conventional schemes [27,28], this beam splitter technique

allows us to realize symmetric interferometers by dif-
fracting atoms in opposite directions and improves on both
the scale factor as well as the intrinsic suppression of noise
and systematic uncertainties. In particular, these interfer-
ometers enable the simultaneous momentum transfer via
Bloch oscillations in both arms [29] and, hence, are key to
the implementation of future large-scale interferometers.
These examples show that double Bragg diffraction is not
limited to tiltmeters but can be employed to a broad range
of interferometers [30,31].
We explore the scalability of the momentum transfer by

studying three different symmetric beam-splitting proc-
esses and utilize it to demonstrate high-contrast symmetric
Mach-Zehnder-type interferometers, as shown in Fig. 1(a).
A delta-kick collimated BEC with small initial momentum
and low expansion rate along the direction of the diffracting
laser beams undergoes first- or higher-order Bragg tran-
sitions symmetrically in both directions. Depending on the
interaction time and the Rabi frequency, wave packets that
move in opposite directions form. The three symmetric
geometries illustrated by their atomic trajectories emerge
due to (i) first-order (blue solid lines), (ii) two successive
first-order (black dashed lines), and (iii) second-order (red
dotted lines) double Bragg processes which split, reflect,
and recombine the wave packets. The corresponding
interference signals of the atomic tiltmeters are shown in
Figs. 1(b)–1(d). By tilting stepwise the whole apparatus we
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increase the orientation α of the interferometer with respect
to gravity g and induce a phase shift. The relative
populations at the exit ports as a function of the change
in tilt angle Δα display the expected oscillation. For each
angle setting 50 interferometric measurements are taken
and displayed via transparent markers to compactly show
the signal distribution.
We have realized our interferometers with the atom-chip-

based BEC apparatus described in detail in Refs. [21,32]. In
particular, we release the BEC out of an Ioffe-Pritchard trap
with frequencies ω1;2;3=2π ≡ ð43; 344; 343Þ Hz by switch-
ing off the field generated by the atom chip. The residual
central momentum p0 of the BEC corresponds approx-
imately to 0.07ℏk. Here, ℏ, k≡ ω=c, m, and c denote
Planck’s constant, the wave vector of the diffracting light
beams of frequency ω, the atomic mass, and the speed of
light, respectively. After the release, the atoms are in free
fall for 6 ms until the magnetic field of the trap is once more
switched on for 0.3 ms to perform delta-kick cooling
[10,21–23]. In this way we reduce the momentum spread
δp of the atomic ensemble along the direction of the light
beams to less than 0.1ℏk.
In order to observe double Bragg diffraction we have

modified the beam splitter arrangement of Ref. [21] accord-
ing to Fig. 1(a): Two laser beams with frequencies ω and
ωþ δ and orthogonal linear polarization are red-detuned
with respect to the D2 cooling transition by approximately
0.5 GHz to suppress spontaneous emission. They are
generated by a microintegrated diode laser system [33],
coupled into a single optical fiber with crossed linear
polarizations and guided to the atom chip. There, they are
collimated with a beam waist of about 5 mm and a peak
intensity of about 1 mW=mm2 running parallel to the chip

surface. A retroreflector and a quarter-wave plate generate
two light gratings of perpendicular polarization moving in
opposite directions. The numbers Nj of atoms in the
momentum state jj2ℏki with j ¼ 0;�1;�2, and therefore
in the individual exit ports, are detected via absorption
imaging with a CCD camera [34]. The detection area limits
the maximum available free-fall time and thus the time 2T
spent in the interferometer (6.4ms for first-order, 7.24ms for
sequential first-order, and 6.6 ms for second-order diffrac-
tion) and the time τ between the last pulse and detection.
The detuning δ, the intensity, aswell as the temporal shape

of the laser pulses are adjusted by two acousto-optic
modulators. We can choose the order of the double-
diffraction process by matching δ with the kinetic energy
gained during the scattering. In first-order diffraction
depicted in Fig. 2(a), the change of energy and momentum
is by the amount �ℏδ and �2ℏk due to the absorption and
subsequent emission of photons of the counterpropagating
light gratings. Here δ is chosen to correspond to the recoil
frequency ωr ≡ ð2ℏkÞ2=ð2mℏÞ inducing resonant transi-
tions (solid lines) between the momentum states j0i and
j�2ℏki. The dashed lines represent off-resonant transitions
to these, aswell as to highermomentum states, which violate
energy conservation by 2ℏωr and, hence, are suppressed.
Figure 2(b) shows the experimental observations and

numerical simulations of the Rabi oscillations between the
different momentum states in their dependence on the
duration of the atom-light interaction. Here, we have
introduced the relative atom populations,

FIG. 1. Three double Bragg interferometers (left) employed as
tiltmeters (a) and the corresponding interference signals (right) as
a function of the tilt angle Δα for (b) first-order, (c) successive
first-order, and (d) second-order Gaussian pulses. For each
angular step in Δα, the relative population in the exit ports is
measured 50 times. The blue solid, black dashed, and red dotted
lines represent sinusoidal fits of those data sets. The analysis
reveals a contrast of 40%, 16%, and 14%, and tilt precisions of
4.5,5.9, and 4.6 μrad, respectively. Because of noise caused by
inertial perturbations, the fit underestimates the actual contrast of
the interferometer. Indeed, histograms of the normalized atom
number in the exit ports over a range of tilt settings corresponding
to one or two complete fringe periods when fitted by a
distribution (black) yield contrasts of 43%, 29%, and 23%.

FIG. 2. First-order double Bragg diffraction represented by the
corresponding transitions (a), a comparison between the exper-
imental observations and the numerical simulations of the
normalized populations in their dependence on the duration of
the atom-light interaction (b), and the spectrum of the Rabi
oscillations (c). In (a) we show the energy diagram of the resonant
(solid lines) and off-resonant (dashed lines) light-induced tran-
sitions between the atomic momentum states j�0ℏki (black),
j�2ℏki (blue), and j�4ℏki (red). The experimental values
(squares) in (b) agree well with the numerical simulations (solid
curves) based on the theory of Ref. [20]. The frequency spectrum
(c) of the simulated population N1=Ntot displays components
close to 2ωr, which stem from off-resonant couplings depicted in
(a) by dashed lines. The broad double-peaked structure at the
Rabi and twice the Rabi frequency, which is a consequence of the
detuned three-level system with nonvanishing p0 and/or δp, leads
to the modulation of the oscillations apparent in (b).
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n0 ≡ N0=Ntot and nj ≡ ðN−j þ NjÞ=Ntot; ð1Þ

with j ¼ 1 and 2 and Ntot ≡P
2
j¼−2Nj.

Our simulations rely on the differential equations [20]
for the coupled momentum states jj2ℏki with jjj ≤ 4. We
calculate the beam-splitting matrices with an effective
coupling strength inferred from the experimental data
and then determine the initial bimodal distribution by
fitting our data to the three free parameters σth; σc, and
p0 corresponding to the momentum widths of the Gaussian
thermal background and the condensed part of the cloud
and a central momentum p0 of the ensemble in the direction
of the light beams, respectively [35]. We deduce the values
σth ≈ 0.09ℏk and σc ≈ 0.05ℏk with p0 ≈ 0.07ℏk, which
agree reasonably well with Bragg spectroscopy of the delta-
kick collimated BEC.
The small momentum dispersion of our atomic ensemble

allows us to observe Rabi-type oscillations shown in
Fig. 2(b) and to achieve a high efficiency of this beam
splitter based on double Bragg diffraction. Indeed, after
about 160 μs more than 95% of the atoms are transferred
into two wave packets separating from each other with four
photon recoils. The damping of the oscillation is caused by
a dephasing effect due to a dispersion of the Rabi frequency
together with the nonvanishing width of the momentum
distribution of the BEC. In double diffraction the evolution
for a vanishing p0 and/or δp oscillates at twice the Rabi
frequency. Because of the inherent three-level dynamics of
double Bragg diffraction, a nonvanishing p0 and/or δp
leads additionally to a contribution at the Rabi frequency
[36], which cause the modulation of the oscillations
apparent in Fig. 2(b), an effect that is not present in
conventional Bragg diffraction.
To stress this fact, we display in Fig. 2(c) the Fourier

spectrum of the population N1=Ntot where the broad
double-peaked structure corresponds to the aforementioned
effect. In addition, this spectrum reveals high-frequency
components with small amplitudes close to 2ωr, which
result from the off-resonant coupling to the momentum
states represented in Fig. 2(a) by dashed lines.
Next, we investigate sequential first-order double Bragg

diffraction depicted on the top of Fig. 3. A first-order π=2
pulse as described above creates a superposition of j�2ℏki,
and a second first-order pulse tuned to the resonance at
δ ¼ 3ωr couples j�2ℏki to j�4ℏki, as shown by the solid
lines in the energy diagram of Fig. 3(a). The number of
atoms in the momentum states j0ℏki, j�2ℏki, and j�4ℏki
indicated by black, blue, and red dots, respectively, are
recorded for different durations of the second pulse.
Figure 3(b) demonstrates that we can perform a subsequent
π pulse with a reflection efficiency of 74%.
The off-resonant transitions represented by the dashed

lines in Fig. 3(a) are more suppressed due to the require-
ment of energy conservation than in first-order diffraction.
Hence, they lead to hardly any population, in complete

accordance with the predictions of the theoretical model
shown in Fig. 3(b) as black, blue, and red solid lines.
The successive beam-splitting process is contrasted with

the direct second-order double Bragg transition, resulting
from δ ¼ 2ωr and corresponding to the solid lines in
Fig. 3(c). We increase the intensity of the lasers such that
the Rabi frequency for this process and the corresponding
pulse durations remain comparable to the first-order case.
In turn, this choice leads to an operation beyond the Bragg
regime and the large modifications of the Rabi oscillations
in Fig. 3(d) due to the off-resonant transitions denoted by
dashed lines in Fig. 3(c). Nevertheless, with our exper-
imental parameters we still achieve an efficient transfer to
j�4ℏki with 70%, thus demonstrating a potential scal-
ability of the system by a combination of both processes as
in Ref. [37].
Lower laser intensities would lead to conventional Rabi

oscillations but also increase the velocity selectivity of the
process. However, a suppression of the off-resonant
transitions can be achieved by laser pulses with a
Gaussian temporal envelope, leading to higher diffraction
efficiencies as demonstrated in Fig. 3(d) by simulations

FIG. 3. Sequential first-order (top) and second-order Bragg
diffraction (bottom) represented by (i) energy diagrams (a),(c)
with resonant (solid lines) as well as off-resonant (dashed lines)
light-induced transitions between the momentum states j�0ℏki
(black), j�2ℏki (blue), and j�4ℏki (red), and (ii) experimental
observations and numerical simulations (b),(d) of their relative
atomic populations as a function of the duration of the atom-light
interaction. The experiment as well as the theoretical description
demonstrate the importance of off-resonant transitions and the
need for a proper choice of the temporal shape of the laser pulses.
Our simulations show that a Gaussian pulse leads to a higher
diffraction efficiency [dashed red curve in (d)], where the upper
axis expressed in pulse area refers to the case of a second-order
Gaussian pulse of 300 μs duration. We vary the pulse area by the
Rabi frequency, i.e., laser power, in complete analogy to our
realization of the π or π=2 pulses of our interferometer.
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(black, blue, and red dashed lines) and explained in
Refs. [20,27,38].
Indeed, we have used Gaussian pulses to implement the

different double Bragg scattering processes necessary to
the form the Mach-Zehnder interferometers employed as
atomic tiltmeters. Pulse durations are determined by a
trade-off between either an improved momentum accep-
tance or higher suppression of unwanted orders. The
efficiency of the momentum transfer is therefore limited
by the dispersion of the source of the atoms and benefits
from delta-kick collimation.
We analyze the interferometer signals shown in Fig. 1 by

(i) a conventional sinusoidal fit of the values obtained for
the different tilt angles and (ii) a histogram of the relative
populations in one interferometer exit port for a range of
equally spaced angles spanning across one or two entire
fringe periods, i.e., a 2π or 4π interval [39].
The interferometric phase ϕ for the first-order beam

splitter translates into angles via ϕ ¼ 4kgT2 sin α in
analogy to early neutron experiments [40]. The phase
uncertainty due to atomic shot noise for a single observa-
tion is Δϕ ≥ ðC ffiffiffiffiffiffiffiffi

Ntot
p Þ−1, where C denotes the contrast.

Taking multiple measurements into account, the fit is also
limited by shot-to-shot phase noise, and we find a phase
uncertainty of 15, 49, and 32 mrad, which corresponds to
an angular precision of 4.5, 5.9, and 4.6 μrad, respectively.
Even though we expect the scale factor of the interfer-

ometers to increase with the momentum difference between
the two branches, the performance of all three interferom-
eters is comparable. This behavior points to platform
vibrations as the dominating perturbation.
Indeed, the histogram analysis reveals a contrast of 43%,

29%, and 23%, while the sinusoidal fits yield lower
contrasts of 40%, 16%, and 14%. This difference is in
agreement with the fact that a larger shot-to-shot phase
noise leads to a reduction of the contrast and larger
residuals in a sinusoidal fit such as in Fig. 1.
To estimate the phase noise, we model such a fringe by

taking a sine function with the contrast and other param-
eters given by the histogram analysis and add phase noise
until we retrieve the contrast of the sinusoidal fit. In this
way we find similar values for the shot-to-shot tilt fluctua-
tions for the three different interferometers of 105, 140,
and 140 μrad.
In most atom interferometers tilt variations are notable

and lead to an uncertainty in the quantity to be measured;
hence, these devices are either designed to minimize the
effect of tilts or do not allow us to unambiguously attribute
the phase shift to a tilt [41]. In contrast, our interferometer
is actually designed to measure slight deviations from the
horizontal direction with respect to gravity. Naturally,
variations of gravity, typically at the level of parts in
10−7, may eventually limit the stability of the tiltmeter.
However, the combination of our tiltmeter with an accurate
atom interferometric measurement of gravity should

provide the necessary information to surpass nanoradian
resolution.
A variety of measures to improve the performance of the

tilt measurements, e.g., by vibration isolation and by
increasing the effective atom flux [9], are apparent. In
addition, we can vary the scale factor to reduce the free fall
time and hence optimize the interferometer with respect to
the ambient noise spectrum. However, we emphasize that
many other noise sources, such as dynamic Stark shifts,
magnetically induced phase shifts, and, in particular, laser
phase noise, are suppressed in such a symmetric beam
splitter [42–44]. As a result, quantum tiltmeters can,
for example, be employed to align and monitor the
orientation of atomic gravimeters or large-scale interfer-
ometers such as MIGA [19] with high precision and to
analyze the atomic release process in an in situ
measurement.
In conclusion, we have studied symmetric beam splitters

for three different scenarios and have realized three high-
contrast symmetric Mach-Zehnder interferometers oper-
ated with delta-kick collimated BECs. Moreover, we have
demonstrated the scalability of this beam-splitting method
and the application of the corresponding interferometers as
quantum tiltmeters with sensitivities reaching up to
0.8 mrad=

ffiffiffiffiffiffi
Hz

p
limited by vibrations. Our scheme may

serve in the future also as a long-time stable quantum
tiltmeter for geodesy applications [1].
We emphasize that double Bragg diffraction enjoys

several advantages over and displays decisive differences
with respect to double Raman diffraction [24,25]. Here we
list only three. (i) Its implementation needs less complex
laser systems and electronics, since both laser frequencies
can be generated from a single source instead of phase
locking two sources via microwave electronics. (ii) Higher-
order Bragg processes can be exploited for large-momen-
tum beam splitting to enhance the scale factor, and can be
easily combined with Bloch oscillations in a single laser
system, which allows us to efficiently separate the atomic
trajectories in a symmetric fashion and over large distances
[45]. (iii) Most importantly, the method is also applicable to
atoms without hyperfine structure.
Indeed, we anticipate that the last feature will be of

relevance for a variety of applications. Ramsey-Bordé-type
interferometers, representing the most precise devices to
determine h=mwith Rb atoms to date [46], will be replaced
by symmetric interferometers with the help of double
Bragg diffraction to improve on the current limit [29]. In
addition, our method allows us to extend those measure-
ments to a wider range of atomic species such as
Sr. Symmetric Mach-Zehnder-type interferometers may
serve for rotation sensing [24,47–50] and more sensitive
quantum equivalence-principle tests with a larger choice of
elements as realized and/or projected in parabolic flight
campaigns [39], drop towers [21], and on board the
ISS [17,51].
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